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4ABSTRACT
Macrolides are a large and structurally diverse class of compounds. Natural
products having a macrolide structure have been isolated from plants, insects, and
bacteria. Because of their biological and medicinal activity, macrolides are very
important target molecules in synthetic studies. Though many of the antibiotic
macrolides have highly substituted complex structures, also simple macrolides
possess properties that make them worth studying. Indeed, many of the
pheromones, plant growth regulators, and antimicrobial compounds found in nature
possess relatively simple macrolide structures. Physiologically active
macrolactones often have a double bond at the α,β-position linked to a γ-oxo or γ-
hydroxy group, and this substructure is assumed to be responsible, at least in part,
for their activity.
The literature review of this thesis outlines the synthesis of relatively simple
12–15-membered α,β-unsaturated macrolides and their γ-hydroxy and γ-oxo
derivatives and then presents a brief overview of the conformations of simple
macrocyclic compounds in general. Conformationally controlled stereoselection is
a common feature of medium- and large-ring compounds. The literature review
concludes with a discussion of the conformationally controlled reactions of
macrolides.
The experimental work is focused on the synthesis and reactions of 12–15-
membered (ω-1)-macrolides. A series of E and Z isomeric α,β-unsaturated 12–15-
membered macrolactones were prepared. Allylic oxidation reactions, especially
SeO2 oxidations of these macrolides, were studied with a view to preparing γ-
hydroxy and/or γ-oxo derivatives. The 13–15-membered macrolides were
successfully oxidized, but allylic oxidation of the 12-membered macrolides failed
owing to conformational restrictions of the 12-membered ring lactones. To prepare
the 12-membered γ-hydroxy macrolides, (±)-patulolide C and its epimer, a
relatively short eight-step synthesis was developed via 3-dodecen-11-olide. Several
of the prepared macrolides were previously unreported.
The γ-hydroxy products obtained from the SeO2 oxidation of 13–15-
membered macrolides were formed diastereoselectively. The formation of the
stereogenic centres is a consequence of the conformational stereocontrol. In
addition, NaBH4 reduction and Grignard addition reactions of γ-oxo macrolides
proved to be highly diastereoselective. The conformationally controlled
construction of remote stereocentres in macrolides should also offer a way of
effecting very remote asymmetric induction in the synthesis of acyclic compounds.
5Two open chain compounds with a 1,10-relationship of stereogenic centres were
prepared from the 14-membered γ-hydroxy macrolide.
Molecular mechanics calculations were used to interpret the outcome of the
reactions on macrolides. The ratios of the product diastereomers were calculated on
the basis of the Boltzmann distribution of the low energy conformations of the
macrolide starting materials. The theoretical results were in reasonably good fit
with the experimental results, even though the starting material conformations were
used instead of transition state conformations.
The conformational restrictions have a clear effect on the reactions of 12-
membered macrolides. The surprising inertness of the 12-membered α,β-
unsaturated macrolides towards the allylic oxidation and the low yield of the
epoxide cleavage reaction of 3,4-epoxy-11-dodecanolide indicate that the 12-
membered macrolactone ring resists long linear and planar transition state
conformations.
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Ac acetyl
AIBN azobisisobutyronitrile
Bn benzyl
Boc2O di-tert-butyl dicarbonate
Bu butyl
CA Chemical Abstracts
Cy cyclohexyl
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCC N,N-dicyclohexylcarbodiimide
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DEAD diethyl azodicarboxylate
DHP 3,4-dihydro-2H-pyran
DIBAL diisobutylaluminium hydride
DIPEA diisopropylethylamine
DMA dimethylaniline
DMAP 4-dimethylaminopyridine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide
EE ethoxyethyl
EM effective molarity
Et ethyl
Eu(hfc)3 tris[3-heptafluoropropylhydroxymethylene)-(+)-camphorato]-
          europium(III)
GLC gas–liquid chromatography
HMPA hexamethylphosphoramide
HPLC high-performance liquid chromatography
IR infrared
IUPAC International Union of Pure and Applied Chemistry
LAH lithium aluminium hydride
LDA lithium diisopropylamide
LTMP lithium 2,2,6,6-tetramethylpiperidine
MAD methylaluminium bis(2,6-di-tert-butyl-4-methylphenoxide)
MCPBA 3-chloroperbenzoic acid (meta-chloroperbenzoic acid)
Me methyl
8MEM methoxyethoxymethyl
MEMCl 2-methoxyethoxymethyl chloride
MICA cyclohexylisopropylaminomagnesium bromide
MM2*/MM3* MM2/MM3 force field as implemented in MacroModel
MTPA α-methoxy-α-trifluoromethylphenylacetate
NACAA nicotinic acid-chromic acid anhydride
NBS N-bromosuccinimide
NMR nuclear magnetic resonance
PCC pyridinium chlorochromate
PDC pyridinium dichromate
Ph phenyl
PPTS pyridinium para-toluenesulfonate
pTol para-tolyl
p-TsOH para-toluenesulfonic acid
py pyridine
RCM ring-closing metathesis
ROESY rotating frame Overhauser enhancement spectroscopy
r.t room temperature
SEM 2-(trimethylsilyl)ethoxymethyl
TBAF tetrabutylammonium fluoride
TBDMSCl tert-butyldimethylsilyl chloride
TBDMS t-butyldimethylsilyl
TEA triethylamine
THF tetrahydrofurane
THP tetrahydropyran
TLC thin layer chromatography
TPS t-butyldiphenylsilyl
Tr triphenylmethyl
91.  INTRODUCTION
The term macrocycle refers to medium- and large-ring compounds, with,
respectively, 8–11 and 12 or more atoms in the ring. Macrocyclic structures that
have one or more ester linkages are generally referred to as macrolides or
macrocyclic ring lactones.1-4 In some cases, macrocyclic lactams have also been
described as macrolides. Originally macrolides denoted a class of antibiotics
derived from species of Streptomyces and containing a highly substituted
macrocyclic lactone ring aglycone with few double bonds and one or more sugars,
which may be aminosugars, non-nitrogen sugars or both.1,2,5 To our knowledge the
largest naturally occurring macrolides are the 60-membered quinolidomicins6 and
the largest constructed macrolide is the 44-membered swinholide.7
The nomenclature of macrolides is anything but straightforward. Trivial
names are widely used, especially for naturally occurring macrocyclic lactones.
According to IUPAC rules, macrolides as well as other lactones formed from
aliphatic acids should be named by adding “olide” as a suffix to the name of the
hydrocarbon with the same number of carbon atoms. The numbering starts from the
ester carbonyl carbon. The IUPAC rules also give an alternative way of naming
lactones based on the rules for naming heterocycles. According to this rule the
lactones are named as oxacyclo ketones and the numbering starts from the ring
oxygen. The AutoNom8 naming program uses this latter rule although the “olide”
naming is generally used in the literature. By way of example, Figure 1 shows the
alternative names of two macrolides. The macrolide structures of this work are
sometimes identified by their trivial names. (For systematic names of selected
macrolides see Appendix 1.)
O
O
O
O
 Undecanolide                                   (3Z,11S)-3-Dodecen-11-olide
 Oxacyclododecan-2-one                          (4Z,12S)-12-Methyl oxacyclododec-4-en-2-one
                  Ferrulactone II (trivial name)
Figure 1. Examples of naming simple macrolides.
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The chemistry of macrocyclic compounds originated in 1926 when Ruzicka1,3,9
elucidated the structures of civetone 1 and muscone 2 as large-ring ketones. Before
this time it was believed on the basis of Baeyer’s strain theory10 that large-ring
compounds would be too unstable to exist because the internal bond angles in large
planar rings do not have tetrahedral geometry. In fact, large rings are able to adopt
non-planar conformations and they are flexible and almost strain free.2
O
1
O
(-)-2
O
O
3
O
O
4
In 1927 Kerschbaum isolated the first macrocyclic lactones, Exaltolide® 3  and
ambrettolide 4, from angelica root and ambrette seed oil, respectively.11 The
discovery of these vegetable musk oils aroused interest in finding synthesis routes
to these and related macrolides owing to their commercial importance in the
fragrance industry.2 Even today Exaltolide® 3 is one of the most widely produced
macrocyclic musk lactones. The production was estimated at 200 tons in 1996.12
The importance of macrocyclic musks is increasing due to their ready
biodegradability.13
The great breakthrough in macrolide chemistry came in 1950 when
Brockmann and Henkel2,14,15 isolated the first macrolide antibiotic picromycin 5
from an Actinomyces culture.
O
O
OH
O
O
O
O
HO
N(CH3)2
5
The interest in macrolides has grown enormously since the 1950’s. Chemical
Abstracts (CA) (August 2001) gives over 7500 references to macrolides, of which
965 are classified as reviews. In 1990 CA cited 241 publications about macrolides
11
in one year, while ten years later the number was 670. The tremendous interest in
macrolide chemistry can be understood if one takes a look at the diversity of the
structures and physiological effects of macrolides. Natural products containing a
macrolactone framework are found in plants, insects, and bacteria and they may be
of terrestrial or marine origin. The useful properties of macrolides range from
perfumery to biological and medicinal activity. The new findings in the field of
antitumour active and other antibiotic macrolides, together with pheromones and
plant growth regulators with macrolactone framework, are an inspiration to
chemists to study macrolides.
Macrolide antibiotics play a therapeutically important role. They are
regarded as among the safest of antibiotics and they have successfully been used to
treat infections caused by gram-positive organisms and certain gram-negative and
anaerobic bacteria.16 Natural macrolide antibiotics can be classified according to
the size of the aglycone ring.16,17,18 The most commonly used macrolide antibiotics,
erythromycin and josamycin, belong to the groups of 14-membered and 16-
membered ring derivatives, respectively.18
The wide variety of macrolide structures in nature can be appreciated just by
looking at some examples of different types of macrolide antibiotics (Figure 2).1,15
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Methymycin 6 Chainin 7
Nonactin 8
Zearalenone 9
Maytansine 10 Carpaine 11
Cytochalasan B 12 Pyrenophorin 13
H
H
H
Figure 2. Examples of macrolide antibiotics: polyoxo-macrolide 6, polyene-macrolide 7,
ionophore-macrolide 8 , β-resorcyclic acid macrolides 9, ansamycins 10, alkaloid
macrolides 11, macrolide cytochalasans 12, and macrotetranolides 13.1,15
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Some of the macrolides have proved to be antitumour active and are important
target molecules. A novel antitumourally active macrolide group is represented by
epothilone B 14.19 Epothilones are considered as the most promising new
candidates for cancer chemotherapy. Epothilones are also the first naturally
occurring compounds whose biological profile has been shown to bear a similarity
to the clinically important anticancer agent Taxol.20
Recent findings in the field of macrolides include the first isolated
mycobacterial toxins, mycolactone A and its isomer B 15, containing a 12-
membered lactone ring.21 Mycolactones are shown to be directly responsible for the
necrosis and immunosuppression associated with the skin disease Buruli ulcer.21,22
O
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OH OH
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OH OH
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Most of the pharmacologically active macrolides have highly substituted structures
as can be seen from the few examples above. However, complexity of the structure
is not essential for antibiotic activity. Relatively simple macrolides such as
macrolide A26771B 1623 and patulolides A 17,2 4  B 18,2 5  and C 1 9 2 5  are
antimicrobial compounds. Interestingly then, even very simple macrolides possess
properties that make them worth studying.
O
OO
O
COOH
O
O
O
O
O
O
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16 17 18 19
The pheromones of the saw-toothed grain beetle, Oryzaephilus surinamensis, and
related cucujid species O. mercator, Cryptolestes ferrugineus, C.turcicus, and C.
pusillus, have rather simple macrolactone structures (Figure 3).26-28 These grain
14
beetles are major pests of cereal and grain on a world wide scale and some of these
pheromones have been patented as attractants for insect traps.29
O O
O
O
O
O
O O
O
O
Figure 3. Examples of macrolide pheromones.
Macrolides also have an influence on plants. A 14-membered lactone seiricuprolide
20 (Figure 4) is phytotoxic and causes canker disease in cypress trees.30 The
structurally very similar nigrosporolide 21 inhibits the growth of etiolated wheat
coleoptiles.31 The two isomeric 12-membered macrolides, cladospolide A 22 and B
23,32 have a reverse effect on the growth of lettuce seedlings, 22 having an
inhibiting and 23 a promoting effect.32
O
O
O
O
OH
OH
OH
OH
O
OH
O
OH
O
OH
O
OH
O
20 21 22 23
Figure 4. Examples of macrolides having an effect on plants.
This thesis focuses on the synthesis and reactions of simple 12–15-membered
macrolides and their γ-oxo and γ-hydroxy derivatives. Despite their structural
simplicity, many of the macrolide products that were prepared were previously
unknown. Of particular interest were the conformationally controlled reactions of
α,β-unsaturated and γ-oxo macrolides. Since only limited information was
available in the literature, molecular mechanics calculations were carried out on the
conformations of simple α,β-unsaturated macrolides. The results of the
conformational searches were then used as a basis for interpreting the outcome of
the highly diastereoselective reactions of these starting materials.
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2. FUNDAMENTALS OF MACROLIDE SYNTHESIS
The key step in macrolide synthesis is the formation of the macrocyclic ring.
Macrolides can be prepared by three main strategies: ring expansion, ring
contraction, and intramolecular ring closure. The ring expansion can be achieved
by cleavage of a C–C bond of a suitable starting material, by C=C double bond
cleavage of bicyclic vinyl ethers, and to some extent also by Baeyer-Villiger
oxidation reaction.1,2 The yields for ring expansion reactions are generally good.
Ring contractions leading to macrolides33,34 are relatively rare because of the
problem of finding suitable large-ring precursors for the reactions. By far the most
general route to macrolides is intramolecular ring closure even though cyclization
of open, long chain precursors is disfavoured entropically, owing to the loss of
entropy associated with the formation of a usually more rigid ring structure.3
Several excellent reviews have been published concerning the ring closure methods
for macrolides and other macrocyclic compounds.1-4,35 In this chapter first the ring
closure reactions used for the synthesis of macrolides are discussed and then the
high dilution principle, which is closely related to macrocyclic ring-closing
reactions.
2.1 Macrolides by ring closure
2.1.1 Ring closure by lactonization
The direct esterification of long chain hydroxy acids is usually an inefficient way to
prepare macrolides. Very dilute solutions of starting materials are needed and even
then polymers are formed. However, if the linear precursor is rigid and the
conformation of the acyclic skeleton allows the two interacting sites to reach each
other easily, this method can be used successfully.1-4
Activation of one or both interacting sites of a hydroxy acid precursor greatly
improves the lactonization.3 Many methods have been developed for the activation.
The Corey double activation method (also called the Corey–Nicolaou method)
involves the idea of activating the carboxyl and hydroxyl groups simultaneously.36
The double activation is achieved by preparing 2-pyridinethiol ester 24 from the
hydroxy acid. Usually 2,2’-dipyridyl disulfide 25 is the activating reagent, but also
other nitrogen-containing disulfides have been used. The basic nitrogen of the
pyridine nucleus facilitates proton transfer from the hydroxy group to the
carboxylic oxygen and a dipolar intermediate 26 is formed. This intermediate
16
undergoes a facile, electrostatically driven cyclization without the need for basic or
acidic catalysis (Scheme 1).1-3, 36
NHO
CH2
HO
O
+ S S N
Ph3P
N S
O
HO
CH2
N S
O
O
CH2
H
N S
O
H
O
CH2
O
CH2
O
N S
H
+
25 24 26
Scheme 1. The Corey double activation method for macrolactonization.3
The Corey double activation method has been used in numerous syntheses of
complex natural products. In a modification of the Corey double activation method,
AgClO4 or AgBF4 has been used to activate the 2-pyridinethiol ester by
complexation of silver ion.1-3,37 The lactonization of hydroxy acids with cyanuric
chloride in the presence of triethyl amine is similarly based on double activation.38
In the Mukaiyama39 method the hydroxy acid is activated with 1-methyl-2-
chloropyridinium iodide. The mechanism of this reaction is fairly similar to that of
the Corey double activation method. Also other 2-chloro pyridinium salts have
been used for the activation.1,3
 The activating effect of the thiol ester is also utilized in the Masamune40
macrolactonization reaction. A rapid lactonization occurs when S-t-butyl thiolester
of hydroxy acid reacts with an electrophilic Hg(II)-compound such as mercuric
trifluoroacetate.1-3 The mechanism of the Masamune method has not been fully
clarified and two intermediates, 27 and 28, have been suggested.1,3
O
C S
But
HgII
CH2OH CH2OH
O
C
O CF3
O
27 28
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A very common way to activate the carboxyl group of a long chain hydroxy acid is
to convert it to a mixed anhydride. The anhydride reacts with the hydroxyl group
under base-catalysed reaction conditions, leading to a lactonized product.1-3 One of
the most commonly used mixed anhydride methods is the Yamaguchi lactonization.
It has been applied in several syntheses of naturally occurring macrolides. This
method has been utilized with success, for example, in most of the total syntheses
of patulolides. The Yamaguchi reaction consists of two steps: the formation of the
mixed anhydride 29 and the alcoholysis of this anhydride (Scheme 2).2,3,41
OH
COOH
COCl
ClCl
Cl
Et3N
THF
DMAP
OH
C
O
OO
Cl
Cl
Cl
OH
C
O
OO
Cl
Cl
Cl
C
O
O
+
toluene
29
Scheme 2. The Yamaguchi lactonization reaction.41
The mixed anhydride is prepared to accelerate the reaction and overcome the
unfavourable entropy factors leading to the formation of polymeric products. 2,4,6-
Trichlorobenzoyl chloride is used to prepare the mixed anhydride, for two reasons:
it forms a good leaving group and it is sterically hindered towards nucleophilic
attack. The alcoholysis reaction is catalysed by 4-dimethylaminopyridine (DMAP),
which is highly active in acyl transfer reactions. In the preparation of large-ring
lactones the alcoholysis step of the reaction is done under high dilution conditions,
usually in refluxing benzene or toluene, and the amount of DMAP is from three to
six equivalents.41 In a modification of the Yamaguchi lactonization reaction, 2,4-
dichlorobenzoyl chloride has been used instead of 2,4,6-trichlorobenzoyl chloride
to prepare the mixed anhydride.42 The concentration of DMAP in the alcoholysis
step has also been modified in order to increase its activation effect.43 Besides
chlorobenzoyl chlorides several other reagents, such as pivaloyl chloride,
trifluoroacetic acid, p-touluenesulfonyl chloride, and di-tert-butyl dicarbonate have
18
been used to prepare mixed anhydrides.1,3,44 In addition, mixed phosphoric
anhydrides have been used in macrolide synthesis.3
Macrolactonization can further be achieved by activating the hydroxy group
of the hydroxy acid. In the Mitsunobu lactonization procedure45 the hydroxy group
is activated by the formation of a dipolar alkoxyphosphonium salt 30 from the
hydroxy acid, Ph3P, and diethyl azodicarboxylate (DEAD). This activated
intermediate reacts by an SN2 displacement giving the lactone product 31 with
inversion of the configuration of the alcohol (Scheme 3).2,3,45 High dilution
conditions are used in the preparation of large-ring lactones. The Mitsunobu
reaction conditions are mild and neutral.45
Ph3P HO (CH2)n COOH
(EtO2CNH–)2
O
O
Ph3P
O
O
O
N N COOEtEtOOC +
(CH2)n (CH2)n + Ph3P=O
31
30
Scheme 3. The Mitsunobu lactonization reaction.3
Lipase enzymes have been used to promote the macrolactonization of long chain ω-
and (ω-1)-hydroxy acids and esters.4,46-49 The great advantage of enzyme-catalysed
lactonizations is the stereospecificity. It is possible with enzymes to prepare
asymmetric lactones from racemic (ω-1)-hydroxy acids or esters. However, the
structure of the long chain starting material heavily affects the lactonization,
promoting the activity of the enzyme, and it is not possible to lactonize all hydroxy
acids by this method. In addition the yields of enzymatic macrolactonization
reactions are relatively low.4,46-49
In addition to the lactonization methods discussed above, several other
methods have been used for the preparation of macrolides. These include
carbodiimide or organotin reagent mediated reactions, intramolecular ketene
trapping, and activated ester methods.3
The activation of the carboxyl and/or hydroxyl group increases the rate of
formation of macrolactones. Interestingly, the size of the large macrolide ring that
19
is formed has little effect on the cyclization rate. Other factors, such as the
substituents, heteroatoms and double or triple bonds present in the linear precursor
may affect the cyclization rates to an even greater extent than the size of the formed
ring.3,50
2.1.2 Ring closure by C–C and C=C bond formation
In addition to macrolactonization reactions, also several other methods have been
used for the preparation of macrocyclic lactones through ring closure. Many
reactions involving C–C or C=C bond formation can be utilized intramolecularly to
afford macrolides.1,3,4
Metal-catalysed coupling reactions, such as oxidative coupling of ω,ω’-
diacetylenic esters with Cu(OAc)2, coupling of allylic dibromides with nickel
carbonyl, intramolecular palladium catalysed coupling of stabilized anions with
allylic acetates, and intramolecular palladium catalysed coupling of acid chlorides
and β-stannylalkenoates in the presence of CO, have been utilized to prepare
macrolides of different size.1,3,51-54
Also other intramolecular C–C bond formation reactions such as Dieckmann
condensation and Diels–Alder reaction have been applied in the preparation of
macrolides.1,3,4 Ring closure by Diels–Alder reaction is particularly useful in the
construction of cytochalasans and their skeleton structures.4
For macrolide ring closure by C=C bond formation, intramolecular Wittig-
like reactions are useful and generally give good yields.3,55-63 A relatively new but
very efficient route to macrolides through C=C bond formation is the ruthenium
carbene catalysed reaction of 1,ω-dienes by ring-closing metathesis (RCM)
(Scheme 4).64-66 The RCM method for macrolide ring closure has been utilized, for
example, in the Nicolaou synthesis of epothilones.19
CH2
O
C O
H2C
O
C O
Ph
PhRu
PCy3
Cl
Cl
PCy3
32
Scheme 4. Ring-closing metathesis. 32 is an example of ruthenium carbene complex
catalysts.64
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2.2  High dilution principle
Competing intermolecular reactions are a typical inconvenience in the ring closure
reactions of macrocycle precursors. In most cases the monomer is the desired main
product and the oligomeric products are not wanted. High dilution principle
techniques are generally employed to overcome the problem of
polymerization.67,68,35 The effective molarity (EM) is used as a fundamental
quantity in cyclization reactions. EM is expressed by the equation EM = kintra/kinter
where EM represents the reactant concentration at which cyclization (kintra) and
polymerization (kinter) occur at the same rate.67-69 In practice this means that when
the cyclization is done batch-wise, ring closure predominates over polymerization
if the initial concentration of the substrate is lower than EM.68 The effective
molarity depends on both the enthalpy of activation ∆H‡ and the entropy of
activation ∆S‡.69 The enthalpy term decreases when the chain length of the
bifunctional substrate increases, but the relationship between enthalpy of activation
and the strain energy of the ring being formed is far from simple. It has been
observed that the strain energies of transition states are lower than the strain
energies of the formed lactones, which means that only a fraction of the product
ring strain shows up in the transition state.69 The entropy effects of the cyclization
are more straightforward. As long ago as 1935, Ruzicka proposed that the
probability of end-to-end reactions in a bifunctional linear precursor decreases as
the chain length increases. This postulate was later fully confirmed with entropy of
activation data for cyclization reactions.67,69
Because very dilute solutions are impractical in synthetic work, the high
dilution is generally obtained by the influxion procedure,35,68 where the reactant or
reactants are slowly introduced into the reaction medium over a long time.35 The
optimal situation is that the starting material flows into the reaction flask at the
same rate as the cyclized product is formed;68 that is to say, high dilution does not
simply mean the use of a large volume of solvent but rather the establishment of a
stationary concentration of substrates.35 Flow equilibrium of substrate influx and
product outcome may also be achieved with relatively small solvent volumes.35 In
the influxion procedure the rate of feed vf is a critical parameter and should be
smaller than EM·kintra. The rate of feed controls the duration of the process and so
describes its efficiency.68 Even though physicochemical studies have been made on
the effective molarity of cyclization reactions, the high dilution principle is in
general used empirically.35
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3. SYNTHESIS OF SIMPLE α,β-UNSATURATED 12–15-
       MEMBERED MACROLIDES
The total synthesis of usually very heavily substituted macrolide antibiotics
represents an enormous challenge to chemists, both in the construction of the
macrocycle and in the control of the stereochemistry of the macrolide aglycone and
the attached sugars.7,15,17,70,71 Since the synthesis of these structurally very
complicated macrolide antibiotics was not a part of this work, the literature review
of the synthesis of macrolides that follows is mainly concerned with simple
macrolide structures. The compounds discussed in this chapter are limited to α,β-
unsaturated macrolides; no diolides or polyolides are included. The syntheses of
simple 12–15-membered α,β-unsaturated macrolides are here classified and
discussed according to ring size.
There are several starting materials and routes for the synthesis of simple
α,β-unsaturated 12–15-membered macrolides. Some common features can be seen,
however. There are two main groups of starting materials: 1) the long chain (α,ω)-
or (α,ω-1)-disubstituted compounds often used in the synthesis of non-chiral or ra-
cemic macrolides and 2) the small chiral building blocks, such as pure enantiomers
of 3-hydroxybutanoate,O-benzylglycidol, methyloxirane or epichlorohydrin, used
in the synthesis of optically active macrolides. If the target structure has hydroxy or
oxo substituents, appropriate protection steps are usually required. A common fea-
ture of all syntheses is that the substituents are introduced to the open chain skele-
ton and the ring closure is carried out as late as possible. Even though there are a
wide variety of ring closing reactions to choose from, only a few have been applied
in the synthesis of simple 12–15-membered α,β-unsaturated macrolides. The most
utilized ring closure method is macrolactonization by the Yamaguchi mixed
anhydride procedure.41 Also, Wittig-type olefinations have been applied to obtain E
α,β-unsaturated macrolides.55-63
3.1  12-Membered α,β-unsaturated macrolides
Twelve-membered macrocycles are the smallest to be generally considered as
large-ring compounds.2 According to CA there are 319 known compounds with a
12-membered lactone ring structure, of which nearly 60 are α,β-unsaturated. Many
12-membered macrolides, such as the antibiotics methymycin 6 and neomethymy-
cin are physiologically active. Cladospolides 22 and 23 are plant growth regulators,
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and structurally even simpler patulolides 17, 18, and 19 have antimicrobial
properties.
3.1.1  Patulolides
Patulolide A 17 was isolated24 from the culture broth of Penicillium urticae
S11R59 in 1985 and later three more 12-membered macrolides, patulolides B 18
and C 19 and isopatulolide C 33, were isolated.25,72 Penicillium urticae S11R59 is a
blocked mutant that produces patulolides instead of the mycotoxic patulin 34.73
Patulolides have been shown to be pure acetogenic hexaketides derived from the
head-to-tail condensation of six acetate units.73 Patulolides A 17 and B 18 inhibit
various strains of fungi and yeasts and they show some activity against gram-
positive, gram-negative as well as enteric bacteria. Patulolides 17 and 18 are more
potent than patulolide 19 and the essential structure for activity is believed to be the
double bond flanked with a carbonyl group.25 This substructure is also found in
other physiologically active macrolides such as pyrenophorin 13,74 pyrenolides,75
vermiculine,76 and A26771B 16.23 Patulolide C 19 is assumed to be the parent of
patulolides 17 and 18 , which are formed from 19 by enzymatic oxidation.72
Patulolides have already been patented as antifungicides, plant growth inhibitors,77
and allergy and inflammation inhibitors.78 Several total syntheses of patulolides and
some syntheses of their precursors79-83 have been published.
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The starting materials for the synthesis of patulolides can be divided into three
main groups: α,ω-disubstituted open chain compounds, which can have either a
long or short carbon chain between the functional groups,62,82-88 epoxides,42,89-91 and
disubstituted (ω-1)-hydroxy compounds.92,93 Even though the structure of
patulolides is rather simple several synthesis strategies have been developed for
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them (Table 1). The length of the synthesis routes varies from seven94 to 18 or 19
steps.42.90,91
Table 1. The literature syntheses of patulolides A 17, B 18, C 19, and epipatulolide C
Entry Starting material(s) Product Steps
(yield %)a
Ring closure Ref.
1 HO COOH(  )9 (±)-17 13    (3) Yamaguchi 84
2 Br O
O
OH(  )3
+
(±)-17b   9   (10) Mixed anhydr.
cyanuric chloride
92
3
COOEt
OH
19
epi -C
 17
 18
13    (4)
13   (11)
14   (10)
14    (9)
Yamaguchi
93
4
OBnO epi -C
 17
 18
11
12
12   (11)
Yamaguchi
89
5
OH  19 18  (<1) Modif.
Yamaguchi
  42,
  90
6 HO O
O
COOMe
H
 19
 epi-C
13    (5)
13    (5)
Modif.
Yamaguchi
95
7
OBnO
 19 19    (2) Yamaguchi 91
8 HO Br(  )4  17   8    (9) Wittig 62
9 EtOOC COOEt
O
 17 14    (2) Yamaguchi 85
10
(CH2)8COOH  17 14    (1) Yamaguchi 86
11
O
NO2
 17
 18
  8    (4)
  8    (3)
Yamaguchi 96
12 SO2Ph (±)-19 16    (2) Modif.Yamaguchi
87
13 SO2Ph (±)-epi-C 17    (1) Modif.Yamaguchi
88
14
(±)-17
(±)-18
  7   (15)
  7   (15)
C=C formation
with Rh2(OAc)4
94
a) The total yields are calculated from the starting materials (not necessarily commercial).
b) The product is protected (±)-17.
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A common feature of most of the synthesis routes is ring closure by Yamaguchi
lactonization41 procedure or a modification of this. There are only three syntheses
of patulolides in which other ring closure methods have been used.62,92,94 Patulolides
A 17 and B 18 can be prepared from patulolide C 19 or its epimer by oxidation of
the hydroxy group.93,94 It is easy to convert patulolide A 17 to thermodynamically
more stable B 18 simply by isomerising the double bond. Hence the synthesis of 17
can be considered a formal synthesis of 18 as well.89,94
The first total synthesis of (±)-patulolide A (±)-17 was published in 1986 by
Makita and co-workers. They prepared (±)-17 from 12-hydroxydodecanoic acid 35
in 13 steps in 3% yield (Scheme 5).84 Some steps of the synthesis proved to be
troublesome. In spite of the structural similarities the same synthesis strategy used
for pyrenophorin 13 could not be adopted. Oxidation of macrocyclic (E)-2-
dodecen-11-olide with chromic anhydride was unsuccessful, even though similar
allylic oxidation affords pyrenophorin in 80% yield.97 The CrO3 oxidation was thus
done before the cyclization reaction. Moreover, the last step of the synthesis, the
deprotection of the cyclic acetal, failed when p-toluenesulfonic acid was used as
reagent even though it works with pyrenophorin.98 With trityl fluoroboronate the
deprotection step gave a moderate 32% yield of (±)-17.84
HO COOH
HCl
COOMe
OAc COOH
O O
OH
COOMe COONMe2
COONMe2
OH
COOMe
OH
COOMe
OSiMe2t-Bu
(  )9
1) HBr
2) MeOH/HCl
3) NaI/HMPA (  )9
+
1) Hg(OAc)2
2) NaBH4
1) Hg(OAc)2
2) NaBH4
1) MeOH, HCl
2) ClSiMe2t-Bu
1) LDA, PhSeBr,
    H2O2
2) FeCl3/Ac2O
(  )7
1) CrO3-Ac2O-AcOH
2) HOCH2CH2OH
    CH(OEt)3, BF3OEt2
3) KOH/MeOH
(  )5
1) ClC6H2COCl, 
     TEA,DMAP
2) (C6H5)3CBF3
(  )9
(  )9(  )9(  )9
35
(±)-17
Scheme 5. The first total synthesis of (±)-patulolide A (±)-17.84
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Ayyangar et al.92 have reported a ten-step synthesis of the cyclic acetal of (±)-
patulolide A starting from protected bromopentanal and 4-hydroxypent-1-yne and
utilizing several similar steps as described in the previous procedure.92 The ring
closure was done by double activation of the hydroxy acid with cyanuric chloride38
in 40% yield.
The first enantioselective syntheses of patulolides A 17, B 18, and C 19 were
published in 1988 by Mori and Sakai.93 They utilized ethyl (R)-3-hydroxybutanoate
36 as a chiral building block. First they prepared 19 together with epipatulolide C
37  in 13 steps (Scheme 6) and then separated the two epimeric γ-hydroxy
macrolides by HPLC. The ratio of 19 to 37 was 1:3–1:10 and this enriching of the
4R isomer originated from the ring closure step. Mori and Sakai93 proposed that the
4R isomer is more stable under the basic conditions of Yamaguchi lactonization.
Moreover, the basic conditions isomerize the double bond from Z  to E  via
enolization of the lactone during the ring closure reaction.
COOEt
OH OTHP
I
ClMg OMgCl
OH
OTHP
1) PCC
LiC CCOOEt
OTHP
OH
COOEt 1) i-Pr2NEt,
MEMCl
OH
OMEM
COOEt OH
OMEM
COOH
O
OMEM
O
TiCl4
O
O
OH
(  )3
(  )6
2)
(  )5 2) p-TsOH . H2O
(  )5
1) Pd/BaSO4, H2
(  )5
quinoline
2) LiOH
Yamaguchi
+19
37
36
Scheme 6. Enantioselective synthesis of patulolide C 19 and epipatulolide C 37.93
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The mixture of the two epimeric γ-hydroxy macrolides was converted to
patulolides A 17 and B 18 by oxidation reactions (Scheme 7). Oxidation with
aqueous chromic acid gave 17 in 70% yield, whereas the basic reaction conditions
of pyridinium dichromate (PDC) oxidation caused the isomerization of the double
bond to Z and gave 18 in 68% yield. The total yields for 17 and 18 were 10% and
9%, respectively.93
(C5H5NH)2Cr2O7
O
O
O O
O
O
H2Cr2O7
19+ 37
17 18
Scheme 7. Synthesis of patulolides A 17 and B 18 via oxidations of patulolide C 19 and
epipatulolide C 37.
Enantiomerically pure patulolide B 18 has also been prepared by employing (S)-(-)-
O-benzylglycidol 38 and (R)-(-)-3-hydroxybutyltriphenylphosphonium bromide 39
as chiral building blocks (Scheme 8). First epipatulolide C 37 was prepared in 11
steps and then it was oxidized with MnO2 to a 1:3 mixture of patulolide A 17 and B
18. Treatment of this mixture with silica-gel caused the isomerization of the double
bond from E to Z.89
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Scheme 8. Synthesis of patulolide B 18.89
An enantioselective synthesis route to patulolide C 19 is described in Scheme 9.
Thijs et al.42 used R-methyloxirane 40 as starting material for this relatively long
total synthesis. The key steps of the route are the conversion of 41 to 42 by
enantioselective Sharpless epoxidation and the photo-induced rearrangement of
compound 43. A modified Yamaguchi reaction was used for ring closure.42 The
total yield of this 18-step synthesis is under 1%.
More recently, patulolide C 19 and its 11- and 13-membered analogues
norpatulolide C and homopatulolide C, as well as the Z isomeric macrolides
norisopatulolide C, isopatulolide C 33, and homoisopatulolide C, have been
prepared by a similar synthesis route.90 The iso-compounds with the double bond in
Z configuration were prepared from the minor products formed in the photo-
induced rearrangement step.90
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Scheme 9. Synthesis of patulolide C 19.42
In addition, patulolide C 19 and its epimer 37 have been prepared from a
chiral starting material obtained from vitamin C (Table 1, entry 6).95 The separation
of the two epimeric products was done by preparative TLC.95 In addition, 19 has
been prepared from (R)-O-benzylglycidol by converting it first in six steps to a C2-
symmetric bis-epoxide (Table 1, entry 7). However, the selective cleavage of this
key intermediate gave only moderate 42% yield. Furthermore, during the long
synthesis some epimerization took place at C-4 position.91
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An eight-step synthesis route to patulolide A 17 starting from 6-bromo-1-
hexanol 44 (Scheme 10) was introduced by Bestmann et al.62 The desired
stereochemistry at C-11 derives from (R)-methyloxirane 40. The key step in the
synthesis is the reaction of the keteneylide triphenyl phosphorane 45 and protected
hydroxy aldehyde 46 followed by intramolecular Wittig olefination leading to ring
closure product 47. The total yield for 17 was 9.4%.
HO Br
1) PCC Br
2) HS(CH2)3SH,
    Et2O . BF3
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CF3COOH
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(  )4 (  )4
(  )4 HgO/Et2O 
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Scheme 10. Synthesis of patulolide A 17.62
Chemoenzymatic routes (Table 1, entries 9–11) have been used to prepare
patulolides A 17 and B 18 in high enantiomeric purity. Enzymatic resolution of
open chain precursors by lipase catalysed hydrolysis or acetylation gives the
desired stereochemistry at C-11 with enantiomeric excess 67–100 %.85,86,96
Diastereoselective total synthesis of (±)-patulolide C (±)-19 and (±)-
epipatulolide C (±)-37 starting from propenyl phenyl sulfone has been described by
Dorling and co-workers.87,88 In the case of (±)-19 the relative configurations of 1,8-
stereogenic centres were controlled by combining the tin(IV) chloride promoted
reaction of 2-propenal with 4-alkoxypent-2-enyl stannane 4 8  with an
Ireland–Claisen rearrangement (Scheme 11).87
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BnOCH2COCl, 
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O
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O
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1) LiN(SiMe3)2, 
     Me3SiCl
2) Me3SiCHN2
48
Scheme 11. 1,8-Stereocontrol by 1,5-induction using an allylstannane 48 followed by
Ireland–Claisen rearrangement: the key step in (±)-patulolide C (±)-19 synthesis.87
In the preparation of (±)-epipatulolide C (±)-37 Wittig rearrangement is used
instead of Ireland–Claisen rearrangement (Scheme 12).88
OSEM
OH
OSEM
O Ph
BuLi Ph
OH OSEM
NaH, C6H5CH=CHCH2Br,
NBu4I
Scheme 12. Wittig rearrangement step of (±)-epipatulolide C (±)-37 synthesis.88
Yamaguchi lactonization41 or its modification has provided the ring closure in the
majority of patulolide syntheses. Departing from this practice, Doyle et al. recently
published94 a seven-step route to racemic patulolides A (±)-17 and B (±)-18 using
Rh2(OAc)4 catalysed intramolecular reaction of bisdiazocarbonyl compound 49 to
close the ring (Scheme 13). This ring closure step gave a 1:1 mixture of (±)-17 and
(±)-18. When (±)-17 was treated with iodine it isomerized quantitatively to (±)-
18.94
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Scheme 13. Synthesis of (±)-patulolide A (±)-17 and (±)-patulolide B (±)-1 8  via
Rh2(OAc)4 catalysed intramolecular reaction of bisdiazocarbonyl compound 49.94
3.1.2  Cladospolides
Cladospolides A 2 2 , B 23 , and C 50  are 12-membered α,β-unsaturated 4,5-
dihydroxy macrolides. Cladospolides A 22 and B 23 have been isolated from the
culture filtrates of fungi Cladosporium cladosporioides FI-11332 and Cladosporium
tenuissimum.99 The latter fungus also produces cladospolide C 50.99 In addition, the
marine fungus I96S215 produces cladospolide B 23.100 Recently, a new macrolide
antibiotic cladospolide D 51 was isolated, together with compounds 22 and 23,
from the fermentation broth of Cladosporium sp. FT-0012.101
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Cladospolide A 22 shows inhibitory activity to lettuce seedlings, whereas
cladospolide B 23 promotes root growth of the same plant.32 When tested with rice
seedlings, 23 inhibited shoot elongation of rice seedlings without causing necrosis,
whereas 22 and 50 damaged the plant.99 Moreover, cladospolide D 51 possesses
antifungal activity.101 Cladospolides A and B, together with patulolides, have been
patented as allergy and inflammation inhibitors.78 Only a few total syntheses of 22
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are given in the literature and there are no reports on the synthesis of other
cladospolides. In all reported syntheses of 22 the ring closure step has been done by
the Yamaguchi lactonization41 procedure.
The first synthesis of cladospolide A 22 was published in 1987 by Maemoto
and Mori103 (Scheme 14). In their 16-step synthesis they used ethyl (R)-3-
hydroxybutanoate 52 as starting material from which the desired chirality at C-11
was derived. The other chiral centres at C-4 and C-5 positions were generated by
employing the Sharpless asymmetric epoxidation, and the E geometry of the α,β-
double bond was introduced by applying organoselenium chemistry.102,103 The total
yield of 22 was 2.6%
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Scheme 14. The first total synthesis of cladospolide A 22.103
Interestingly, an attempt to prepare 22 by oxidizing the diene lactone 53 with
osmium tetroxide was unsuccessful (Scheme 15).103 The α , β-double bond is
oxidized, even though the same reaction for an open chain analogue gives mainly
the γ,δ-hydroxylation product. The adverse conformation of diene macrolide 53 is
suggested to cause this unusual behaviour.103
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Scheme 15. OsO4 oxidation of diene macrolide 53.103
Furthermore, cladospolide A 22 has been prepared starting from 2,3-O -
cyclohexylidene-D-glyceraldehyde 54 in 13 steps (Scheme 16). The first step is a
diastereoselective Grignard addition in which the chiral centres at C-4 and C-5 are
introduced. The third asymmetric centre is formed in the Wittig reaction of methyl
(R)-3-hydroxybutyrate 55 to aldehyde formed from 56 by ozonolysis. The total
yield of 22 is 1.7%.104
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Scheme 16. Synthesis of cladospolide A 22.104
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Solladié et al.105,106 report a third total synthesis of 22 (Scheme 17). The chiral
hydroxylic centres in both starting materials 57 and 58, as well as the third chiral
centre in 59, were created by asymmetric reduction of β-ketosulfoxides. Compound
57 was prepared from γ-butyrolactone 60 in nine steps. The total yield of 22 from
60 was 5%.
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Scheme 17. Synthesis of cladospolide A 22.105,106
3.1.3  Other 12-membered α,β-unsaturated macrolides
Interestingly, there are several reported syntheses for α,β-unsaturated ω- or (ω -
1)–macrolides in which the ring closure step is other than the usual lactonization.
The Wittig olefination reaction has been successfully applied for the preparation of
2E unsaturated 12-membered macrolides. Bestmann and Schobert report the
synthesis of several 12-membered macrolides by the procedure shown in Scheme
18. Long-chain acetals of ω-hydroxy aldehydes 61a–d or unprotected hydroxy
aldehydes are used with keteneylide triphenyl phosphorane 45 to afford stabilized
ylides 62a–d. Intramolecular Wittig olefination is applied under high dilution
conditions to cyclize the ylides to α,β-unsaturated macrolides 63a–d in 55-65%
35
yield.56-59 A similar strategy has been used to prepare 14- and 16-membered
homologues56-59 and precursors of naturally occurring macrolides such as
recifeiolide,56,59 ambrettolide 4,56,59 (±)-A 26771B 16,58 and norpyrenophorin59 as
well as saturated galbanum resin macrolides.63 The ring closure by Wittig reaction
favours E products and only minor amounts (5-8%) of Z isomeric products are
formed.56-59,63
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Scheme 18. Synthesis of 12-membered α,β-unsaturated macrolides by Wittig
olefination reaction.56-59 
ω-Aldehydophosphorane used for the intramolecular Wittig olefination reaction
can also be prepared by another approach.60,61 Yvergnaux et al.60 converted 1,9-
nonanediol 64 to the monoester with bromoacetylbromide. The remaining ω-
hydroxy group was oxidized to the aldehyde 65. Reaction with Ph3P gave the
desired salt of the ω-aldehydophosphorane 66. Under high dilution conditions the
intramolecular Wittig olefination gave 2-undecen-11-olide 63a and its dimer 67 in
55% and 28% yield, respectively (Scheme 19). The double bond in both 63a and its
22-membered dimer 67 has E configuration. With this procedure, also medium-
sized 7–11-membered as well as 13-membered macrolides have been obtained
starting from commercially available ω-diols.
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Scheme 19. Synthesis of (E)-2-undecen-11-olide 63a and its dimer 67 utilizing Wittig
olefination in the ring closure step.60
Furthermore it is possible to prepare (E)-2-dodecen-11-olide 63b with a
modification of the synthesis shown in Scheme 19. 1,9-Nonanediol 64 is first
monosilylated and then converted in eight steps to the (ω-1)-hydroxy aldehyde 68,
from which the corresponding aldehydophosphorane is prepared (Scheme 20). The
intramolecular Wittig olefination gives 68% of 63b, which is considered as a
precursor of patulolides A 17 and C 19, although the allylic oxidation reaction of
63b is not reported.61
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Scheme 20. Synthesis of (E)-2-dodecen-11-olide 63b.61
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The Wittig olefination gives selectively E  α,β-unsaturated products. However, by
the Stille coupling procedure, Z isomeric 12-membered macrolides can be obtained
in reasonable yield. Baldwin et al.107 prepared norpatulolide B 69 by intramolecular
palladium catalysed cross coupling of stannylalkenoate 70 in 41% yield (Scheme
21). In fact, also other γ-oxo-α,β-unsaturated macrolides (ring sizes 10–20) can be
prepared via this ring closure procedure. The products from the Stille coupling are
thermodynamic and therefore 2Z unsaturated 10- and 12-membered macrolides are
formed. In the case of larger ring lactones, the double bond has E-geometry even
though the β-stannylalkenoate that is used is in Z configuration.54,107 Effective
molarity is of prime importance when cross coupling is used for ring closure. Both
too high and too low concentrations give low yields. In the first case,
intermolecular products are formed and in the latter case protodestannylation
reaction predominates.107 The advantage of the Stille coupling is that γ-oxo-α,β-
unsaturated products can be prepared without protecting the carbonyl group before
ring closure.
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(  )5
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1) n-Bu3SnH, BEt3
2) LiOH
3) (COCl)2, catal. DMF
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PhCH2Pd(PPh3)2Cl
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Scheme 21. Synthesis of (Z)-4-oxo-2-undecen-11-olide 69 by palladium catalysed cross
coupling reaction.107
(Z)-2-Undecen-11-olide 71 has been prepared from 1,8-octanediol 72 in four steps
(Scheme 22). The photostimulated cyclization of ω-iodo alkylpropiolate 73 gives Z
isomeric macrolide 71 along with small amounts of the corresponding dilide and
octyl propiolate. 10–16-membered α,β-unsaturated lactones can be prepared in the
same way, with increasing E  preference upon increasing ring size from 12
upwards.108
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Scheme 22. Synthesis of (Z)-2-undecen-11-olide 71 by photostimulated cyclization
reaction.108
3.2 13-Membered α,β-unsaturated macrolides
Several syntheses of 13-membered α,β-unsaturated macrolides, e.g. 2-dodecen-12-
olide and 2-tridecen-12-olide, are reported. Some of the syntheses are similar to the
syntheses discussed above in the context of 12-membered macrolides and will be
mentioned here only briefly.
Dean and Park109 have prepared 2-acetyl-2-dodecen-12-olide 74 from lithium
enolate of 12-dodecanolide with acetic anhydride. The double bond was introduced
by selenoxide technique. Compound 74 was used as a starting material for larger
α,β-unsaturated macrolides, which were prepared by the addition of diazoethane
and then elimination of nitrogen.
OO
Ac
74
The ring closure by Wittig-type reactions has been used in several syntheses of
α,β-unsaturated 13-membered macrolides. Stork and Nakamura55 prepared three
13-membered ring lactones 75a–c utilizing the Wadsworth–Emmons reaction
(Scheme 23). This internal cyclization of aldehydophosphonoacetates 76a–c gave
60–70% yields under high dilution conditions. Depending on the structure of the
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product, the α,β-double bond was either E or a mixture of E and Z. The14- and 15-
membered homologues have been prepared similarly.
OHC
CHPO O
O
O
OEt
OEt
O
Me2CHOLi
HMPA
R
R
R'
R'R'
R'
a R=R'=H
b R=CH3, R'=H
c R=H, R'=CH3
76a-c 75a-c
Scheme 23. Synthesis of 13-membered macrolides 75a–c via ring closure of
aldehydophosphonoacetate 76a–c.55
(E)-2-Dodecen-12-olide 75a  has also been prepared, in 62% yield, by an
intramolecular Wittig reaction of the corresponding ω-aldehydophosphorane. This
reaction is similar to the one in Scheme 19 on page 36.60,61
Furthermore, intramolecular Wittig olefination has been used to prepare
optically active 2-tridecen-12-olide 77 (Scheme 24). The yield of 77 from 1,8-
octanediol 72 was 3.6%. Compound 77 was hydrogenated to afford the 13-
membered galbanum resin macrolide 12-tridecanolide.63 Optically active 14- and
16-membered homologues,63 as well as the corresponding racemic 12- and 14-
membered α,β-unsaturated macrolides, were prepared by a similar approach.56,59
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Scheme 24. Synthesis of (2E,12R)- 2-tridecen-12-olide 77 from 1,8-octanediol 72.63
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The 13-membered homopatulolide C 78 has been prepared together with its
geometric isomer, homoisopatulolide C 79, using the strategy described on page 28
for patulolide C 19. The starting materials for the synthesis of 78 and 79 were 6-
heptyn-1-ol and (R)-(+)-methyloxirane.90
O
O
OH
O O
OH
78 79
Racemic γ-hydroxy-α,β-unsaturated 13-membered macrolides (±)-78 and 80 have
been prepared by intramolecular condensation of 12-[α-(p-chlorophenylsulfinyl)-
acetoxy]decanal or 12-[α -(p-chlorophenylsulfinyl)acetoxy]undecanal 81a–b
(Scheme 25). The yields of (±)-78 and 80 were 20–30%, whereas the 15-membered
homologues were formed in much better yield.110 The advantage of this method is
that no protection of the hydroxy group is needed as it is formed during the ring
closure step.110
O
S
Ar
O
R (CH2)8CHO
O
Piperidine, CH3CN O
O
OHAr=p-ClC6H4
R
81a R=H
81b R=CH3
     80 R=H
(±)-78 R=CH3
Scheme 25. Synthesis of γ-hydroxy-α,β-unsaturated 13-membered macrolides (±)-78 and
80 by intramolecular condensation reaction.110
2-Dodecen-12-olide 75a can be prepared from ω-iodononyl propiolate using photo-
irradiation in the presence of NaBH3CN as described for 12-membered α,β-
unsaturated macrolide 71 on page 37. The 13-membered product is a 98:2 mixture
of Z and E isomers.108
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3.3  14-Membered α,β-unsaturated macrolides
The 14-membered α,β-unsaturated macrolides, like the 12- and 16-membered ones,
are common in nature and their physiological effects are multiform. To mention
just a few examples, migrastatin 82 inhibits tumour cell migration,111 cineromycin
83 and ingramycin (albocyclin) 84 are antibiotic112,113 and 84 is also reported to be
an insecticide.114 Seiricuprolide30 20 and nigrosporolide31 21 are phytotoxic.
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Some of the syntheses of simple 14-membered α,β-unsaturated macrolides are
similar to those of the 12- or 13-membered homologues and are referred to here
only briefly. 14-Membered α,β-unsaturated macrolide 85 has been prepared by ring
homologation of the 13-membered macrolide 74 with diazoethane in 82% yield
(Scheme 26).109 Ketolactone 85 can further be converted to 15-membered ring
lactone by a similar homologation reaction.109
C2H4N2
OO
N
N
Ac
OO
Ac
∆
OO
Ac
74 85
Scheme 26. Synthesis of 14-membered macrolide 85 by ring enlargement.109
 Another example of the utilization of ring expansion reaction is the synthesis of
(Z)-2-tridecen-13-olide 86 from 1-trimethylsilyloxy-2-oxabicyclo[11.1.0]tetra-
decane 87 by hypervalent iodine oxidation in 78% yield (Scheme 27).115
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Scheme 27. Synthesis of (Z)-2-tridecen-13-olide 86 by ring expansion.115
Several approaches to (E)-2-tridecen-13-olide 88 are reported in the literature. One
of them is the intramolecular free-radical addition to propiolate esters (Scheme
28).116 1,10-Dodecanediol 89 is used as starting material and the total yield of 88 is
24%, with the yield of the cyclization step 48%. The intramolecular free-radical
addition is highly dependent on the molarity of the reaction mixture. Slow addition
of triphenyltin hydride and AIBN to a 4mM solution of the substrate 90 is reported
to be optimal. If the concentration is higher than 25mM the hydrostannation of the
acetylenic bond becomes a competing pathway. Moreover, in very dilute
concentrations the propagation of the radical chain process is ineffective. The
intramolecular free-radical addition gives besides cyclized products also reduced
products like 91, the amount of which increases as the ring size decreases. For this
reason, attempts to synthesise 10–13-membered macrolides by this method were
unsuccessful, whereas 15- and 16-membered homologues could be prepared in
reasonable yield.116
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Scheme 28. Synthesis of (E)-2-tridecen-13-olide 88 by intramolecular radical addition
reaction.116
The ω-iodo propiolate 90 can also be cyclized by photostimulated reaction using a
100W high pressure mercury lamp and NaBH3CN. An 82:18 mixture of the two
isomeric 2Z and 2E 2-tetradecen-14-olides 86 and 88 was prepared in 54% yield.
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This reaction has been discussed on page 37 in the context of 12-membered
macrolide.108
In their article concerning a new approach to macrolactonization, Nagarajan
et al.44 reported the synthesis of 88 from ethyl 11-hydroxyundecanoate 92 (Scheme
29). The ring closure step of ω-hydroxy acid was carried out in two steps: first
activation of the carboxylic acid by converting it into its mixed anhydride with di-
tert-butyl dicarbonate (Boc2O) and then addition of the mixed anhydride to DMAP
solution under high dilution conditions. The yield of the last step was 70%.
HO
COOEt THPO
COOEt
THPO
COOEt
DHP, p-TsOH(  )7 (  )7
1) DIBAL
2) Ph3P=CHCOOEt
(  )7
1) MeOH, H+
2) LiOH
3) Boc2O, Et3N, DMAP
88
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Scheme 29. Synthesis of (E)-2-tridecen-13-olide 88.44
A Wittig-type ring closure reaction has been used to prepare both (E)-2-tridecen-
13-olide 88 and (E)-2-tetradecen-13-olide 93. The procedure is similar to the one
discussed in connection with the synthesis of 12- and 13-membered analogues on
pages 35 and 39, respectively.56,59,63 The internal ketophosphonate cyclization
presented on page 38 can also be applied to 14-membered macrolides 94.55
OO
R
OO
88  R=H
93  R=Me 94
Stille macrocyclization has been used to prepare not only 12- but also 14-
membered α,β-unsaturated γ-oxo macrolides. The reaction is similar to the one
discussed on page 37.107 The ring closure step with intramolecular palladium
catalysed cross coupling gives 55% (E)-4-oxo-2-tridecen-13-olide.54
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3.4  15-Membered α,β-unsaturated macrolides
Most of the syntheses of 15-membered α,β-unsaturated macrolides reported in the
literature are similar to syntheses discussed earlier in this review. The ring
homologation of the unsaturated 14-membered lactone (85 on page 41) with
diazoethane converts it to the 15-membered lactone 95.109 Free radical
macrocyclization of ω-iodoalkyl-propiolate esters in the presence of triphenyltin
hydride-AIBN reagents affords (E)-2-tetradecen-14-olide 96 in 60% yield. This
procedure is similar to the one described on page 42 for the 14-membered
analogue.116 Moreover, the photo-induced cyclization of ω-iodo nonyl propiolate
with NaBH3CN gives a 60:40 mixture of 2E and 2Z 2-tetradecen-14-olides in 55%
yield.108 This reaction is described on page 37. 15-Membered γ-hydroxy-α,β-
unsaturated macrolides 97a–b can be obtained by intramolecular condensation of
12-[α(p-chlorophenylsulfinyl)acetoxy]-dodecanal or 12-[α(p-chlorophenyl-
sulfinyl)acetoxy]-tridecanal with better yields (up to 81%) than in the case of 13-
membered homologues (page 40).110
OO
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Me
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a R=H
b R=Me
95 96 97
There are two routes to 15-membered α,β-unsaturated macrolides that have not
been discussed earlier in the context of the other homologues. In the first, 2-
tetradecen-14-olide 96 was prepared by carbon–carbon bond formation based on
intramolecular alkylation of a carbanion generated from phenylthioacetate 98,
followed by oxidative removal of the phenylthio group (Scheme 30). Ester 98 can
be prepared from 12-iodododecanol with phenylthioacetyl chloride.117
KN(SiMe3)2 NaIO4O
SPh
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Scheme 30. Synthesis of 2-tetradecen-14-olide 96 by intramolecular alkylation.117
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The other procedure not mentioned earlier is one introduced by Bienz and Hesse.118
They prepared (E)-4-oxo-2-pentadecen-14-olide 99 utilizing two ring enlargement
reactions (Scheme 31). The first was the ring opening of bicyclic α-nitroketone 100
and the second the Baeyer-Villiger oxidation of 14-membered ring ketone 101 to
the corresponding macrolide. The total yield of 99 was 22%. The 16-membered
homologue was prepared by a similar approach.
Study of the IR spectrum of product 99 suggested to Bienz and Hesse that
the product was completely in enol form when crystalline, and only one carbonyl
C=O stretching signal could be seen. However, the IR spectrum recorded from the
CHCl3 solution of 99 showed both the ester and the ketone carbonyl signals.
Another interesting observation was that both 15- and 16-membered 2E unsaturated
ketomacrolides will isomerize to 1:1 mixtures of E and Z isomers. However, the Z
isomer can be converted to the E product by treating it with CF3COOH.118
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Scheme 31. Synthesis of 15-membered γ-oxo macolide 99 by ring enlargement.118
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4.  CONFORMATIONS OF SIMPLE MACROCYCLES
This chapter gathers together the results of conformational studies on simple
macrocyclic compounds: cycloalkanes, heterocyclic macrocycles, cycloalkenes,
ketones, and other substituted macrocycles as well as esters and dilactones. The
conformations of even-membered macrocycles have been studied more intensively
than odd-membered because the majority of the naturally occurring macrocycles
are even-membered.119,120 X-ray crystallographic determinations, NMR
measurements, and semi-empirical molecular mechanics calculations indicate that
ordinary molecular models do not give a realistic picture of the structures of
macrocyclic molecules.119,121 X-ray crystallographic determinations have revealed
that macrocycles try to avoid as much torsional strain (Pitzer strain) as possible by
opening of certain CCC angles, even though this increases the angle strain (Baeyer
strain).121-123 The balance between torsional and angle strain cannot be expressed by
molecular models.
In studying variations in the ease of formation, stability, and melting point of
several groups of macrocyclic compounds, Dale121 found that completely strain-free
conformations are possible for even-membered cycloalkanes with 14 or more car-
bon atoms, while odd-membered macrocycles can never be completely strain-free.
Later124 he showed by semiquantitative calculations of conformational energy of
medium and large rings that in large rings the best conformations have only rela-
tively staggered bonds, of which as many as possible are anti. However, a certain
number of gauche bonds are needed for ring formation. Dale calculated the lowest
energy conformation for nine- to 16-membered cycloalkanes and found that the
even-membered ring compounds have quadrangular conformations, whereas the
odd-membered exist in more strained triangular or quinquangular conformations.
The lowest energy conformations of large-ring cycloalkanes are collected in Table 2.
The notation used in Table 2 is the shorthand notation created by Dale. The
numbers in brackets indicate the number of bonds between corner atoms (sequence
of two equal signed gauche bonds) starting from the shortest “side”. The sum of the
numbers gives the ring size.124
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Table 2. Lowest energy conformations of macrocyclic cycloalkanes124
Cycloalkane Conformation
Cyclododecane [3333]
Cyclotridecane [12433] asymmetrica
Cyclotetradecane [3434] diamond-lattice
Cyclopentadecane [33333]
Cyclohexadecane [4444] diamond-lattice
a) Force-field calculations suggest that the [13333]
    conformation is of lower energy.125
The conformations of 12-membered ring have been studied by X-ray diffraction,
NMR spectroscopy, molecular mechanics calculations and electron diffraction, and
these results confirm Dale’s proposal121 that the lowest energy conformation 1
(Figure 5) is the square [3333].120 The most stable conformations of 14- and 16-
membered macrocycles have been confirmed to be rectangular [3434] 2 and square
[4444] 3 diamond lattice types, respectively (Figure 5).120
3. *
*
*
*
2
*
*
*
*
1
*
*
*
*
Figure 5. Lowest energy conformations [3333] of cyclododecane 1, [3434] of cyclotet-
radecane 2, and [4444] of cyclohexadecane 3. The corner atoms are marked with *.
The replacement of a CH2-group in large-ring cycloalkane with heteroatoms such
as O or N does not disturb the conformation of the skeleton. Heteroatoms prefer a
position next to a corner atom, as this arrangement leads to a reduction of transan-
nular interactions caused by the hydrogens pointing into the ring (Figure 6).124,126
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Figure 6. Diamond lattice conformation [3434] shown with internal hydrogen
interactions.130
Only limited information is available on the conformations of unsaturated
macrocycles, but it is known that if an external double bond is introduced to the
macrocyclic ring it prefers a noncorner position, again because of the reduction of
transannular interactions. However, if the double bond is introduced into the ring
the conformational changes are marked. One double bond in a macrocyclic ring
immobilizes four adjacent carbon atoms and no absolutely strain-free
conformations can be found.121
The tendency of sp2-hybridized carbon atoms to occupy noncorner positions
has been studied with mono- and diketone derivatives of macrocycles.127-129 Dipole
moment measurements, IR and NMR spectroscopy, and molecular mechanics
calculations show that this preference is due to the reduction of repulsive gauche
methylene interactions.121,128,129 Macrocyclic compounds favour 3-dimensional
structures where the sp2 centres tend to stand perpendicular to the plane of the ring
so that the important transannular nonbonded interactions are minimized (an
example of diketone conformation1274 is shown in Figure 7). This preference is
clearly seen in study of the selectivity of reactions on substituted macrocycles.119
(cf. Chapter 5).
O
O
4
Figure 7. An example of diketone conformation with sp2 centres perpendicular to the
plane of the ring.127
Generally in macrocyclic ring compounds pseudoequatorial substituents are
favoured, as are equatorial substituents in six-membered ring compounds.119 When
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a macrocyclic ketone group is converted to a ketal group it appears that the
conformations that are best for the ketone are poorest for the ketal. Macrocyclic
ketals as well as other geminally disubstituted large-ring compounds strongly
favour conformations having the substitution at corner positions.119,124,128,129 Only
corner positions enable both of the geminal substituents to be external to the ring
and to avoid severe transannular interactions.119,124,128-130
When an ester linkage is introduced into a saturated ring system the effect is
more pronounced than the summed effect of a ketone and an ether group because of
the tendency of an ester group to be coplanar with the two neighbouring carbon
atoms.121 To simplify the conformational analysis of the large-ring lactones Keller
et al.130 made an extensive study on the conformations of nine 14-membered ring
lactones of secondary alcohols using X-ray crystallography and molecular
mechanics calculations. They showed that some of the findings of Dale also hold
for modestly substituted macrolides. A [3434] conformation with exterior
substituents was also the lowest energy conformation for their macrolides.
Calculations showed that the [3434] arrangement is the predominant conformation
even though only four of the studied compounds crystallized in this conformation.
Furthermore, bulky substituents preferred the exo side of the ring while geminal
substituents preferred corner positions.130
The ester group in macrocycles prefers the energetically more favourable s-
trans conformation121,131,132 (Figure 8). Furthermore, in a secondary lactone the
C–O–C–H dihedral angle seems to be within 0–60° which is in accordance with the
observations of Schweizer and Dunitz133 concerning the linear secondary esters.
R O
R'
O
R O
R'
O
s-trans s-cis
Figure 8. Ester group in s-trans and s-cis conformations.132
The X-ray structures and molecular mechanics calculations of 14-membered α,β-
unsaturated ketomacrolides show that they behave very differently from saturated
macrolides. The lowest energy conformations of both 9-oxo-7-tetradecen-13-olide
and its 10,10-dimethyl derivative are [3335] and the [3434] diamond lattice
conformations of these macrolides are at considerably higher energy. The
conformational analysis of α,β-unsaturated macrolides is more complex than the
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analysis of saturated lactones.130 X-ray studies on some α,β-unsaturated macrolides
have revealed that ring strain may force the enone moiety into geometries in which
the conjugation is weakened, either by forcing the enone moiety out of plane or by
altering the bond lengths.134,135,90
Belaidi and Omari136 have studied, by molecular mechanics calculations, the
conformations of some odd-membered α,β-unsaturated 13–25-membered ring
lactones that have conjugated double bonds in the skeleton (Figure 9). The
calculations showed that there were eight different preferential conformations when
the local conformations of both the diene part and the α,β-unsaturated ester
function of the macrolides were taken into account. In the low energy
conformations of 13- and 15-membered macrolides, the ester carbonyl and the α,β-
double bond were cis to each other (5 in Figure 9), whereas in the low energy
conformations of the other odd-membered macrolides these groups were trans, as
in 6.136
O
O
O
O
5 6
Figure 9. The low energy conformations of 13- and 15-membered macrolides 5 and of
17- to 25-odd-membered macrolides 6.136
Macrocyclic dilactones tend to have both ester groups at noncorner positions.
According to X-ray studies, the 14-membered ring dilactone has the strain-free,
diamond lattice conformation 7 [3434] (Figure 10), and the 12-membered ring
dilactone has [3333] conformation in which the four anti bonds all have
considerably smaller torsion angles than 180°.137
O
O
O
O
7
Figure 10. Strain-free diamond lattice conformation E of 14-membered dilactone.137
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In general, large-ring compounds have several conformations, that are easily
interconverted by pseudorotation involving very low barriers, generally
inaccessible by NMR.138 Macrocycles are capable of existing in a number of stable
conformations, but only a few of these are of low enough energy to be appreciably
populated at normal temperature.119
In summary, there are a number of features common to conformations of
macrocyclic compounds. Conformations with as few transannular non-bonded
repulsions and high-energy torsional arrangements as possible are preferred.
Substituents are generally in pseudoequatorial position, and geminally disubstituted
macrocycles strongly favour conformations having the substitution at corner
position. The sp2 centres in macrocycles tend to stand perpendicular to the plane of
the ring and in non-corner position. Chemical consequences of these
conformational features of macrocyclic compounds will be discussed in the next
chapter.
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5. CONFORMATIONAL STEREOCONTROL OF
    MACROLIDE REACTIONS
The development of efficient methods for the construction of arrays of asymmetric
centres is important in synthetic organic chemistry, especially in the field of natural
product synthesis. The synthetic approaches to stereochemically complex acyclic
and macrocyclic products rely mainly on the use of absolute stereochemical
control.119 Each set of asymmetric centres is prepared from enantiomerically pure
starting materials or by reactions with enantiomerically pure reagents giving high
enantioselection.119,139 Reactions proceeding with high internal or relative
asymmetric induction can be used to prepare an adjacent or 1,2-stereochemical
relationship between asymmetric centres. Five- and six-membered ring
intermediates can be used to control the 1,3- and 1,4-relationships of chiral
centres.139 Compounds having remote sets of asymmetric centres are generally
constructed by coupling of two fragments with the correct absolute
stereochemistry.
In 1981, Still and Galynker119 introduced the conformational stereocontrol of
macrocycles as a novel alternative to remote asymmetric induction. Their
fundamental work showed that the conformational properties of medium- and
large-ring organic molecules have profound consequences for the stereochemical
course of their reactions.119 Conformational properties of macrocyclic products can
be used as a medium for the long distance transmission of stereochemical
information.139 A similar type of conformational stereocontrol is common in six-
membered ring compounds where axial and equatorial preferences can be used to
control the stereochemistry of the reactions.119
Macrocycles generally prefer conformations in which the transannular
repulsions are minimized. Because of this preference, the sp2 centres tend to stand
perpendicular to the plane of the ring. This arrangement makes the two faces of the
sp2 centres overwhelmingly different. One side of the sp2 centre is free and the
other side is shielded by the skeleton. The reactions are assumed to occur largely or
perhaps exclusively from the more open peripheral face140 (Figure 11) leading to
highly stereoselective products.119
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X Peripheral 
attack
Figure 11. Peripheral attack on macrocycle.140
The outcome of conformationally controlled reactions has been explained through
study of the conformations of starting materials and products. The cue for the
conformations to study has usually come either from the observations of Dale or
from molecular mechanics calculations. As molecular mechanics calculations are
of limited use in calculating transition states, ground state conformations of starting
materials are used as approximations for early transition states and product
conformations for late transition states.119 Even though this approximation is
against the Curtin–Hammett principle141 it has given reasonably good results.
Molecular mechanics calculations on macrocyclic compounds tend to be
complex. Usually, macrocycles have several low energy conformations with low
barriers of interconversion.120,142 Boltzmann distributions based on low energy
conformations of starting materials and/or product conformations have been used to
explain and in some cases also to predict the stereochemical outcome of the
reactions on macrocycles.119,143,144 The predictions are not always straightforward,
because some of the reactions prefer conformations that are not necessarily the
lowest energy conformations. For example, reduction reactions on suitably
functionalized compounds seem to prefer conformations capable of metal ion
coordination even though the energy is higher.142,145-147
In this chapter the conformationally controlled reactions of macrolides are
discussed by reaction type: alkylation, reduction, conjugate addition, epoxidation,
and osmylation. Kinetic enolate alkylations (α-alkylation),119,145-147 borohydride
reductions,142-144,146-148 and epoxidation149 reactions are the most intensively studied
conformationally controlled reactions of macrolides, while stereoselective
conjugate addition and osmylation reactions have been of interest as well.119,149
Several publications describe the use of these conformationally controlled reactions
in the total synthesis of macrolide antibiotics,150-153 and some examples of this are
discussed at the end of the chapter. Finally, note is made of the effective
conformational stereocontrol of macrolides that allows them to be used as
templates or intermediates in the synthesis of open chain compounds with very
remote chiral centres.139,154
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5.1  Alkylation
Monomethylated macrolides give highly stereoselective alkylation
products.119,155,156 The observed selectivities for dimethyl macrolides with 1,4-
induction of stereogenic centres are collected in Table 3. In an attempt to explain
their results (entries 1 and 2), Still and Galynker119 calculated the strain energies of
conformationally related starting materials (used as early transition state models)
and products (late transition state models) and assumed least motion reactions
connecting the starting material conformations with the product conformations. The
predictions of the product ratios were based on Boltzmann distribution calculations
of the relevant conformations. Exclusive peripheral attack of the reagents was
assumed in their study of the reactions.
Table 3. Kinetic enolate alkylation of macrocyclic lactones
O
O
O
O
(   )n Base
MeI (   )n
*
*
n=4-6, 8
102 n=4 
103 n=5 
104 n=6 
105 n=8
Entry Starting
material
Ring size (n) Base % cis Reference
1 102 12  (4) LDA 92 119
2 103 13  (5) LDA 92 119
3 104 14  (6) LTMP 93 155
4 105 16  (8) LTMP 80 156
When they performed molecular mechanics calculations (MM2) on the
corresponding enolates of starting materials 102 and 103, the results showed that
macrolactones have a strong preference for kinetic formation of cis enolate
geometry with respect to the ring olefin. Their results also suggested that several
conformations can give rise to the same product, perhaps because certain low
energy conformational substructures among the reactive conformers favour the
formation of some particular product. Figure 12 presents a substructure of the
substituted enolate that may be used to explain the preference for cis-dimethyl
product formation.119
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Figure 12. Substructure on the left explains the preferential formation of the cis
alkylation product.119
The selectivities of the α-alkylation reactions of 14- and 16-membered macrolides
(Table 3, entries 3 and 4) have been interpreted with the use of relatively simple
models.155,156 The regular conformations proposed by Dale were used as models for
starting material conformations. For 13-tetradecanolide 104 the [3434] diamond
lattice conformation was expected to be the conformation of both the starting
material and the product. 1H NMR measurements indicated that the major and
minor dimethyl products exist mainly in [3434] conformations, 8  and 9 ,
respectively (Figure 13). It was also shown that the enolate of 13-tetradecanolide
can have two [3434] conformations 10 and 11 (Figure 13), both of which lead to
the observed major product when alkylated with MeI from the more open face of
the enolate.155
O
O
O
O H O
H O
O
O
8 9
10 11
Figure 13. The expected conformations of major product 8 and minor product 9 from the
α-alkylation of 104. The two enolate conformations 10 and 11 leading to the major
product.155
In a similar way, Graham and Weiler156 used the [4444] conformation as a simple
model for the low energy conformation of 15-hexadecanolide 105. There are two
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possible [4444] conformations for 105, of which one will leads to the major
product. However, their conformational search (MM2) on the starting material
enolate gave 19 conformations within 20.9 kJ/mol of the global minimum, which
suggests that use of the [4444] conformation as starting material conformation is
inadequate for conformational analysis of the intermediates and transition states in
the alkylation of 105.156
Alkylation at the α-position in β-hydroxy- and β-oxo-macrolides has also
been studied.142,145-147 Dianion alkylation at C2 in 14- and 16-membered β-hydroxy
macrolides is highly diastereoselective.146,147 When (3R*,13R*)-3-hydroxy-13-
tetradecanolide 106 is treated with 2 equivalents of LDA followed by MeI, the
product is a 9:1 mixture of two diastereomeric products, of which 107 is the major
one (Scheme 32). The explanation for the outcome of this reaction was first sought
by studying the diamond lattice type conformations of the starting material. The
existence of intramolecular hydrogen bond in the IR spectra of both the starting
material and the product indicates that both compounds exist in the conformation
12 (in Scheme 32 shown for the starting material).146 MM3 calculations gave
similar results.142 The orientation of the ester carbonyl and the hydroxyl groups in
conformation 12 makes the lithium chelated transition state possible. This type of
chelated transition state (Scheme 33), proposed by Fráter157 for acyclic β-hydroxy
esters, can explain the anti arrangement of the hydroxyl and alkyl group in the
major product.142
O O
OH
O O
OH
O
OH
O
12
LDA
MeI
9:1
106 107
Scheme 32. The alkylation of the C2 position of 3-hydroxy-13-tetradecanolide 106 and
the lowest energy conformation of major product 107 12.142,146
Interestingly, the same reaction on the C3 epimer of 106 gave only moderate 3:1
selectivity. Conformational search (MM3) of this epimeric 106 showed that in none
of the three lowest energy conformations was the intramolecular hydrogen bonding
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possible, and the lack of the possibility to form a chelated transition state reduces
the selectivity of the alkylation reaction.142
O
O O
Li
O
OH O
R
RX
Scheme 33. The chelated transition state for alkylation of β−hydroxy ester.142
Alkylation of the dianion of the 16-membered homologue of 106 gave a single
product with the same stereochemistry at C2 as in 107.147 Also in this case a Fráter-
type chelated transition state can explain the selectivity of the reaction.147
The monoalkylation of 14- and 16-membered β-oxo macrolides afforded two
rapidly equilibrating diastereomeric products with only moderate 2:1
selectivity.146,147 However, alkylation of the dianion of 3-oxo-13-tetradecanolide
108 with MeI gave selectively a single diastereomeric product, which was shown to
be 109. The attack of the electrophile from the more open face of the assumed
conformation 13 of the dianion enolate (Scheme 34) produced the observed product
isomer. According to the results from a conformational search (MM2*), the lowest
energy conformation of the dianion is in fact the distorted [3434] conformation
similar to 13 for which chelation of lithium ion is possible.146
O O
O
O
O
O
O
O
O
Li
13
2.3 eq LDA
MeI
108 109
Scheme 34. Alkylation of the dianion of 3-oxo-13-tetradecanolide 108 and the lowest
energy conformation 13 of the dianion.142,146
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5.2  Reduction
Weiler and his co-workers142-144,146-148 have done extensive studies on the
conformationally controlled reductions of several 14- and 16-membered oxo-
macrolides with different reducing agents. The selectivity of the reduction reactions
has also been utilized by several groups in the total synthesis of some macrolide
antibiotics and their derivatives.150-153
In 1987 Neeland and his co-workers1 4 6 published a study on the
stereoselective reductions of 14-membered 3-oxo-macrolides 110a and 110b
(Scheme 35). L-Selectride and NaBH4 were used as reducing agents and the
stereochemical outcome of the reactions was explained by considering the possible
conformations of β-keto lactones based on Dale’s diamond lattice conformations.146
Seven years later a full paper was published describing the reduction of 14-
membered macrolides 110a–c and the conformational analysis of both the starting
materials 110a–c and products 111a–c.142
O
O O
O
OHO
R1 R2R1 R2
(   )n(   )n
110 111
a R1=R2=H
b R1=Me, R2=H
c R1=R2=Me
d R1=R2=H
e R1=Me, R2=H
f  R1=R2=Me
n=1
n=1
n=1
n=3
n=3
n=3
Scheme 35. Reduction of 3-oxo-13-tetradecanolides 110. Only the major product 111 is
shown.142,146
The stereochemistry of the reduction is dependent on the reducing agent. With L-
Selectride, only one diastereomeric product was formed from 110a, whereas
NaBH4 gave a 3:1 mixture of two epimeric products. From an analysis of the
possible diamond lattice conformations of the ketolactone 110a it was concluded
that metal ions can form a chelate with both carbonyl groups during the
reduction.146 Several reducing agents were studied in a probe of the importance of a
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metal ion to the selectivity.142 The results of the reductions of 110a and 110b are
shown in Table 4.142,146
Selectivities were lower when Bu4NBH4 was used as reducing agent (entry
4) than when a reducing agent containing a metal ion was used. The addition of
LiBr or MnCl2 (entries 3,5,6) enhanced the selectivity of the reductions confirming
the importance of the counterion. The selectivity in NaBH4 reduction (entry 2) is
explained by suggesting that Na+, too, may coordinate to both carbonyls.142
Table 4. Results of the reduction reactions of 110a and 110b142,146
Entry Reducing agent Product ratio
Major product 111a
 trans:cis a
Product ratio
Major product 111b
trans:cisa
1 Li(sec-Bu)3BH >99:1 98:2
2 NaBH4   75:25 83:17
3 NaBH4+MnCl2   98:2 -
4 Bu4NBH4   40:60 60:40
5 Bu4NBH4+LiBr   90:10 70:30
6 Bu4NBH4+MnCl2   97:3 99:1
a) trans and cis in respect of 13-Me and 3-OH
IR and NMR spectra and molecular mechanics calculations (MM2 and MM3) were
used to study the conformations of the starting materials 110a and 110b. The
results suggested that 3-oxo-13-tetradecanolide 110a has the solution conformation
14 (Figure 14), which is a [3434] diamond lattice conformation. However, this
conformation could not be used to predict the stereochemistry of the hydride
reduction since hydride attack from the more open side of C3 would give the
observed minor product.142
O
O
O
O
O
O
+Li
1514
Figure 14. The lowest energy conformation 14 of 110a and the local conformation 15.142
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In molecular mechanics calculations (MM3) on 110a, Neeland and co-workers142
found five conformations within 4.18 kJ/mol of the global minimum. In four cases
out of the five, the hydride reduction from the peripheral side of the conformations
gave the minor alcohol product, and only the second lowest energy conformation
(2.13 kJ/mol above the global minimum) gave the major product 111a. In this
conformation 15 (the local conformation of 15 is presented in Figure 14) the two
carbonyls are aligned so that they can coordinate to a metal cation. The reductions
of 110a are controlled by this type of coordinated local conformation.
Model 15 can also explain the outcome of the reduction with Bu4NBH4
(entry 4). When this non-metal reducing agent was used alone, the observed ratio of
the two diastereomeric products was 40:60, and if the two lowest energy
conformations 14 and 15 are assumed to undergo the reduction at comparable rate
the predicted product ratio would be 1:2, which is in agreement with the observed
ratio. However, when LiBr or MnCl2 was added to the reaction mixture the
selectivity was enhanced to 90:10 and 97:3 due to metal ion coordination.142
2-Methyl-3-oxo-13-tetradecanolide 110b146 has a local conformation similar
to 15 with the 2-Me group in ‘equatorial’ position. On this basis, Neeland et
al.142,146 presumed that the reduction reactions of 110b in the presence of metal ions
are funnelled through an intermediate such as 15. The selectivities of reduction of
110b are shown in Table 4.
The very high (>99.5%) selectivity of the L-Selectride reduction of 2,2-
dimethyl-3-oxo-13-tetradecanolide 110c (Scheme 35) was also assumed to derive
from the reaction to the conformation capable of forming metal chelate (local
conformation similar to 15 in Figure 14).142 According to both molecular mechanics
calculations and NMR study, this conformation is not the global minimum
conformation.142
The conformations of products 111a–c were studied by IR, NMR, X-ray
crystallographic analysis, and MM3 conformational searches.142 Both IR spectra
and the results from the molecular mechanics calculations suggested that the
hydroxy macrolides 111a and 111b have an intramolecular hydrogen bond between
the ester carbonyl and the hydroxy group. These product conformations are in
accordance with the assumed starting material conformation 15. No hydrogen
bonding was observed in the case of 2,2-dimethyl derivative 111c.
The reductions of 16-membered homologues 111d–f (Scheme 35) carried
out by Sharadendu and Weiler147 gave parallel results. The reductions of 111d–f go
through similar metal ion coordinated local conformations as 14-membered
macrolides. The yields for the reductions with L-Selectride were moderate, but
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addition of NaBH4 to the reaction mixture after the addition of L-Selectride
increased the yield considerably.
The metal ion coordinated intermediate has also been used to explain the
selectivity observed in the L-Selectride reduction of 11-oxo-13-tetradecanolide 112
(Scheme 36). The single diastereomeric product 113 was obtained.148
O
O
O
O
O
HO
O
O
O
11
O
O
HO
16 17
Li(sec-Bu)3BH 13
1111
112 113
Scheme 36. The reduction of 11-oxo-13-tetradecanolide 112. The local conformations of
the starting material 112 and the product 113 are 16 and 17, respectively.148
Molecular mechanics calculations on 112 gave several conformations within 8.4
kJ/mol of the global minimum. Study of the five lowest energy conformations
revealed that four of them have the same local conformation 16 (Scheme 36), in
which the two carbonyl groups are within 4.4 Å and capable of coordinating
lithium ion. The reduction was presumed to go through a metal ion coordinated
intermediate.148 The IR spectrum of 113 and the molecular mechanics calculations
(MM2) showed an intramolecular hydrogen bond between the hydroxy group and
the ester carbonyl. The hydroxy macrolide 113 was assumed to exist completely in
the local conformation 17 (Scheme 36).148
The reduction of 14-membered 9-oxo macrolides cannot proceed through the
metal ion coordinated intermediate observed in the cases above. Keller and
Weiler143,144 reduced 9-oxo-7-tetradecen-12-olide 114a, 10,10-dimethyl-9-oxo-7-
tetradecen-13-olide 114b, and the corresponding saturated analogues 114’a and
114’b with various reducing agents (Scheme 37).143,144 The selectivities of the
reactions on 114a and 114’a with different reducing agents are collected in Table 5.
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O
O
O
O
O
O
O
OHOH
R R
RR R
R
H +
a R=H
b R=Me
115 (unsaturated)
115' (saturated)
116 (unsaturated)
116' (saturated)
114 (unsaturated)
114'  (saturated)
Scheme 37. The reduction of 9-oxo-7-tetradecen-13-olides 114  and 9-oxo-13-
tetradecanolides 114’.143,144
Table 5. Results of the reduction reactions143,144 of 114 and 114’
Reducing agent Selectivity
115a:116a
Selectivity
115’a:116’a (saturated)
NaBH4, CeCl3 63:37 50:50a
Li(t-BuO)3AlH 63:37 -
K-Selectride 83:17 78:22
L-Selectride 86:14 89:11
LS-Selectride 89:11 90:10
MAD - 30:70
a) No CeCl3 used
As can be seen from the table, the selectivities for unsaturated 114a and saturated
114’a ketolactones are parallel. Selectivity is lowest with NaBH4, which is assumed
to be too small a molecule to distinguish between the two diastereotopic faces of
the keto groups. The other reducing agents are larger and gave better selectivities.
The NaBH4 reduction of the dimethyl derivatives 114b and 114’b gave 115b and
115’b as main products with ratios 87:13 and 60:40, respectively. 115’b was
obtained with better selectivity (89:11) when L-Selectride was used as reducing
agent.143,144
In an attempt to understand the selectivities of the borohydride reductions,
Keller and Weiler143,144 studied the low energy conformations of 114 and 114’. The
conformations of the starting material were chosen as models of the early transition
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states, on the basis of a suggestion158 that the early transition states can account for
the selectivities observed in 1,2-reductions of α,β-unsaturated ketones and in
nucleophilic additions to cyclohexanones. A combination of the local conformer
model and detailed conformational analysis (MM2) was used.143,144
O
R1
R2
13
9 H O
R1
R2
13 9
H
HO
O O
O
R1=R2=H
R1=R2=Me
18
Scheme 38. The reduction of 9-oxo macrolides 114 and 114’. The local conformations of
the lowest energy conformations shown.143,144
All the 9-oxo macrolides 114 and 114’ have lowest energy conformations similar to
18 (Scheme 38) in which the carbonyl group at C9 is perpendicular to the plane of
the macrocyclic ring and the re face of the carbonyl group is blocked by the carbon
atoms in the ring. Peripheral attack of H– on the local conformation 18 produces the
observed major products 115 and 115’.143,144
Selectivities for reductions of 114  and 114’ were predicted from the
Boltzmann distribution of the three lowest energy conformations. The two lowest
energy conformations of 114a and 114’a give the major product but in the third
lowest conformations the carbonyl group at C9 is at corner position and the attack
of the H– is equally possible from either face. Both 114a and 114’a gave the
predicted 94:6 selectivity. In the case of 10,10-dimethyl derivatives 114b and
114’b the MM2 calculations correctly predict the major product; however, the
selectivities are higher than those observed since all three lowest energy
conformations have the same local conformation 18  leading to the major
products.143,144
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5.3  Conjugate addition
The conjugate addition of Me2CuLi on α,β-unsaturated 12-membered macrolides
and medium-sized ketones and lactones is highly stereoselective (≥80%). The 12-
membered Z  α,β-unsaturated lactones give cis dimethyl products, while the
products from the conjugate addition of E isomeric starting materials are selectively
trans. The conjugate additions of 12-membered α,β-unsaturated macrolides 117
and 63b, as studied by Still and Galynker,119 are shown in Scheme 39. No
conformational analyses were done for 117 or 63b, but local conformational
control was taken as the explanation of the selectivity on the basis of calculations
made for smaller ring compounds.119
O
O
OO
O
O
O O
BF3
Me2CuLi BF3Me2CuLi
91% cis 99% trans117 63b
Scheme 39. Stereoselective conjugate addition on 12-membered macrolides.119
5.4  Epoxidation
Vedejs et al.149 have studied the epoxidation and osmylation reactions on
macrolides. Epoxidation with 3-chloroperbenzoic acid (MCPBA) on E substituted
starting material 118 gave one diastereomeric product 119, whereas the Z isomeric
starting material 120 gave two products, 121 and 122, in ratio 3:1 (Scheme 40).
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Scheme 40. Epoxidation of 9E and 9Z unsaturated 12-membered ketomacrolides 118 and
120. Local conformations of E cyclododecane 19 and Z cyclododecane 20.149
In earlier work, Vedejs et al.159 had introduced the use of local conformations as a
means of understanding the outcome of epoxidation reactions on macrocyclic
alkenes. It is possible to predict the major isomeric product by using a local
conformer approach, which considers only the immediate environment of the
alkene. In the case of 3-methyl alkenes, the attack of the reagent from the least
hindered side of the olefin geometries 19 and 20 (Scheme 40) can explain the
stereochemical outcome of the epoxidation reaction. These conformations 19 and
20 with pseudoequatorial methyl groups were used to predict the selectivity of the
epoxidation on macrolides 118 and 120 as well. The preference of alkyl substituted
lactones to adopt s-trans geometry was taken into account.149
The local conformer approach simplifies predictions since there is no
requirement to understand the whole ring conformation. The vicinity of the olefinic
double bond was chosen for extrapolation since in the simple cis addition reactions
the bicyclic transition states resemble the olefin conformation and there are only
relatively small changes in bond angles and hybridization. In the MCPBA
epoxidation, the reagent is compact and does not introduce major new steric
interactions; so the transition state and the olefin and even the final epoxide can be
expected to prefer a similar local conformation.149 The reactions were expected to
occur from the least hindered peripheral face of the double bond and the epoxides
were expected to resist conformations with oxygen on the “inside” of the ring. The
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results and the applicability of the local conformation approach were confirmed
with the help of molecular mechanics calculations on 118 and 120.149
The molecular mechanics calculations of Vedejs and co-workers149 on E
unsaturated macrolide 118 showed that none of the lowest energy conformations
within 4.18 kJ/mol corresponded to the idealized crownlike olefin geometry shown
in local conformation 19. Moreover, in the lowest energy conformer, also the ester
linkage was non-crownlike. The situation results from the demanding geometric
requirements of E-alkene and s-trans ester subunits in the same vicinity. However,
the high epoxidation selectivity of 118 indicates that the conflicts in ground state do
not disturb the transition state. The molecular mechanics calculations on the
epoxide 119, showed that both the ester group and the epoxide subunit have
crownlike environments and the low energy conformations of epoxide 119
corresponded to the local geometry 19 with a ”peripheral” epoxy oxygen.149
Molecular mechanics calculations on 120  revealed the existence of
conflicting preferences between Z alkene and s-trans ester subunits, which make
the situation more complex than for (Z)-3-methylcyclododecene159 and decrease the
selectivity in epoxidation reactions (3:1 vs. 6:1). Also in this case the local
conformation approach can be used to predict the major product.149
5.5  Osmylation
The osmylation of 118 gave a 3:1 mixture of two product diastereomers 123 and
124 (Scheme 41). The selectivity of this osmylation reaction was much lower and
reversed relative to the epoxidation reaction of 118 (Scheme 40). The local
conformer approximation, so successfully applied in the case of epoxidation
reaction, could not completely explain the selectivity of osmylation reactions of
118.149
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Scheme 41. Osmylation reaction of E unsaturated ketomacrolide 118.149
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The situation proved more straightforward for Z olefinic starting material: the
osmylation reaction of 120 (Scheme 42) occurs with the same olefinic face
preference as for epoxidation (Scheme 40). The local conformer analysis based on
the Z alkene local conformation 20 (Scheme 40) could also explain the selectivity
of the osmylation reaction of macrolide 120.149
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Scheme 42. Osmylation reaction of Z unsaturated ketomacrolide 120.149
5.6 Examples of the use of conformational stereocontrol in total
      synthesis
To demonstrate the efficiency and significance of conformationally controlled
reactions of macrolides, Still and Novack150 prepared an aglycone derivative 125 of
the macrolide antibiotic rosaramicin. Conformationally controlled alkylation,
reduction, and epoxidation reactions were used in the course of the synthesis. All
the reactions proceeded with high selectivities, up to 40:1. The stereocentres at
carbons 4, 5, 6, 8, 12, and 13 were all formed by means of conformational
stereocontrol on the macrolide.150
O
O O
O
O OH
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O
O
MeO
OR
O
OHO
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125 126
R=COMe, R=COEt
127
4
5
6
8
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13
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As well, antibiotic macrolides have been prepared by use of a combination of
acyclic and macrocyclic stereocontrol. The epoxidation step in the syntheses of
carbonolide A 126 and maridonolides 127 is controlled by the conformation of the
macrolide diene precursor.152 Paterson and Rawson151 used conformationally
controlled reduction and osmylation reactions in preparing the heavily substituted
(+)-(9S)-dihydroerythronolide A 128. The desired stereocentres at carbons 5, 6, 11,
and 12 of 128 were prepared by utilising macrocyclic stereocontrol.151 In the total
synthesis of a potent chemotherapeutical drug, the 16-membered trilactone
macrosphelide A, chelation-controlled NaBH4 reduction on the carbonyl group at
C14 gave 129 with >10:1 selectivity. 153
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Macrolides have also been used as templates for stereochemically complex acyclic
products with remote stereocentres. Conformationally controlled reactions such as
alkylation and epoxidation are used to create the desired stereochemistry, and
afterwards the macrolides are hydrolysed to obtain the desired open chain
products.139,154
Still’s group139 used the conformational properties of macrocyclic
intermediates as a medium for the long distance transmission of stereochemical
information. Suitable macrolide structures were designed, which could be used to
prepare chiral open chain compounds, for example the C3-C9 segment 130 of the
polyether antibiotic lysocellin (Scheme 43).
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12:1
1) Lithium tetramethylpiperidine
2) 20 equiv. MeI
>9:1
1) BH3 .THF
2) NaOH
 3) H2O2
130
Scheme 43. Preparation of the C3-C9 segment of lysocellin utilizing the conformational
properties of macrolides.139 Only the major products are shown.
Another example of how macrolides can be used as templates for chiral compounds
with a completely different backbone scaffold is the preparation of the subunit 131
contained within the anticoccidial ionophore, monensin B. The major product
formed in the epoxidation of the diene macrolide 132 had all syn-bisepoxide
stereochemistry. The selectivity of the epoxidation was improved by ring
substitution from 4:1 to 15:1 (Scheme 44).154
O
O MCPBA
O
O
O O
OO O O
O
Me
Me H Me H
1) KOH
2) HCl
3) acetone, H+
132 131
Scheme 44. Preparation of a subunit of monensin B utilizing conformationally controlled
epoxidation reaction of dienemacrolide.154
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6.  AIMS OF THE PRESENT STUDY
The overall objective of this work was to develop synthesis routes to simple
macrolides and to study their conformations and reactions. The specific aims were:
a) To develop a short synthesis route to the antimicrobial patulolides.III
b) To prepare 12–15-membered E and Z α,β-unsaturated (ω-1)-macrolides and to
study the effect of ring size and ring conformation on the allylic oxidation
reaction of these macrolides.I,II
c) To study the effects of conformational stereocontrol on the stereoselectivity of
reactions of 13–15-membered α,β-unsaturated macrolides and γ-oxo
macrolides.II, IV.V,VI
d) To apply molecular mechanics calculations as a means of analysing and even
predicting the major products and the diastereomeric ratios of the products
formed.IV,V
7.  RESULTS AND DISCUSSION
In the following presentation and discussion of the results, first the experimental
results pertaining to the synthetic part of the work are treated and then the results
obtained from molecular mechanical calculations.
7.1  Experimental results
The original aim of this work was to prepare (±)-patulolide A (±)-17 by a short
synthesis route starting from commercially available methyl 10-undecenoate 133.
All existing syntheses84,92,93 of patulolides involved over 10 steps and our plan was
to prepare (±)-17 in six steps (Scheme 45).
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(CH2)8COOMe OHC(CH2)9COOMe
(CH2)9COOH
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terminal oxidation
1) methylation
2) hydrolysis
lactonization
dehydrogenation allylic oxidation
133
102
63b (±)-17
Scheme 45. Original plan for the synthesis of (±)-patulolide A (±)-17.
The ring closure reaction was expected to be the key step in the synthesis and
several lactonization procedures were considered. After unsuccessful trials with
other methods, the Yamaguchi mixed anhydride reaction41 was chosen for the
lactonization reaction. As the Yamaguchi reaction gave reasonable yields, no
further testing of other ring closure reactions was done. However, unexpected
difficulties arose during this work as the final step, the allylic oxidation, failed and
the synthesis strategy, in the end, could only be exploited for the preparation of 11-
dodecanolide (dihydrorecifeiolide) 102 and 2-dodecen-11-olides 63b and 117
(Scheme 46) and not for the preparation of patulolides.I Another approach to
patulolides via 3-dodecen-11-olide was therefore attempted.III
The observed inertness of the 12-membered α,β-unsaturated macrolides
towards allylic oxidation led us to expand our studies to homologous 13–15-
membered compounds as it was known that SeO2 oxidizes (E)-2-hexadecen-15-
olide at the allylic position without difficulty.58 The 13–15-membered α,β-
unsaturated macrolides were prepared by adopting a similar synthesis plan to the
one shown in Scheme 45, starting from commercially available (α,ω)-disubstituted
long chain materials. The SeO2 allylic oxidation of 13–15-membered α,β-
unsaturated macrolides gave several oxidation products, of which the α,β-
unsaturated γ-hydroxy products were formed with high diastereoselection.II,IV In
addition to the allylic oxidation, also NaBH4 reduction and the Grignard addition
reactions of γ-oxo macrolides were shown to be diastereoselective.IV,V
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In the following sections, abbreviations 12E, 13E, 14E, and 15E are used to
denote the E α,β-unsaturated macrolides and 12Z, 13Z, 14Z, and 15Z are used to
denote the corresponding Z isomers.
7.1.1  Synthesis of 12-membered α,β-unsaturated macrolides
7.1.1.1  Synthesis of 2-dodecen-11-olidesI
Two slightly different routes to 12-membered α,β-unsaturated macrolides were
developed. The first approach is shown in Scheme 46.
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O
O
O
O
O
O
+
1) BH2Cl.SMe2, CH2Cl2
2) PCC, CH2Cl2
1) MeTi(OCHMe2)3
2) 2 M KOH, 
      MeOH
1) Cl3C6H2COCl, Et3N, THF
2) DMAP, toluene
LDA, THF
PhSeBr, H2O2
Ph2S2, hν
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Scheme 46. Synthesis of 11-dodecanolide102 and 2-dodecen-11-olides 63b and 117.
The oxidation of the terminal double bond160 of commercially available methyl 10-
undecenoate 133 gave the aldoester 134, which was methylated and hydrolysed to
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obtain the (ω-1)-hydroxy acid 135. The initial attempt to methylate the aldoester
134 by the Grignard addition of MeMgI suffered from poor yield (30%) due to side
reactions. Changing the methylation reagent to the aldehyde selective
MeTi(OCHMe2)3 gave nearly quantitative yield of methylated product.161 After
hydrolysis of the ester group the 11-hydroxydodecanoic acid 135 was lactonized.
The first attempts to close the lactone ring by the DMAP-DCC method,162 and by a
procedure in which cyanuric chloride38 was used as ring closure reagent gave
mixtures of dimeric and polymeric products. Changing the ring closure method to
the Yamaguchi mixed anhydride lactonization procedure41 afforded the desired
macrolide in reasonable yield.
The product from the ring closure step is 11-dodecanolide 102, also called
dihydrorecifeiolide, which is one of the macrolides isolated from the grain beetle
Cryptolestes ferrugineus.26 Several syntheses have been published56,163-169 for 102,
of which the majority utilize ring expansion strategy. The dehydrogenation170 of
102 gave a 2:1 mixture of E and Z α,β-unsaturated 2-dodecen-11-olides 63b56-59,61
and 117, which were separated by flash chromatography on silica gel. 63b was
photoisomerized with soft UV in the presence of Ph2S2 to the 2Z macrolide 117.171
The attempts to isomerize the Z double bond to the E configuration, both under
basic or acidic conditions and by photoisomerization, were unsuccessful.I
Cycloalkenes with 11-membered ring or larger are known to prefer the E
configuration.172 However, according to molecular mechanics calculations, in the
case of 12-membered α,β-unsaturated macrolides the preferred configuration of the
double bond is Z.173
In an alternative approach to 63b we first prepared the linear diene ester 136,
which was converted to the α,β-unsaturated (ω-1)-hydroxy acid 137. The
Yamaguchi lactonization41 of 137 afforded a 1:1 mixture of α,β- and β,γ-
unsaturated macrolides 63b and 138 (Scheme 47). The double bond configuration
of the α,β-unsaturated product was E , whereas the GLC analysis of the β,γ-
unsaturated macrolides 138 showed a 2:3 ratio of Z and E unsaturated products.I
The isomerization of 138 to 63b failedI in both acidic and basic conditions (HCl in
acetonitrile,174 TsOH in CHCl3, DBU in toluene, and Et3N in CHCl3175) as well as
with photoisomerization.171
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Scheme 47. An alternative route to 2-dodecen-11-olide 63b.
Both these routes give (E)-2-dodecen-11-olide 63b in 14-16% yield. In spite of
comparable yields the second approach has two advantages over the first. First,
since the dehydrogenation reaction is very sensitive to the quantity of reagents
used170 it is more convenient to do this reaction at the beginning of the synthesis in
larger scale than to do the reaction later with a relatively small amount of the
macrolide starting material. Secondly, a mixture of two site isomeric compounds is
formed in the second approach, and these site isomers are easier to separate from
each other by flash chromatography than are the two geometric E and Z isomers of
α,β-unsaturated macrolides formed in the first approach. In both approaches the
formation of mixtures of isomeric products considerably decreases the total yield of
63b.
7.1.1.2  Attempt to prepare patulolides by allylic oxidation of 2-dodecen-11-olidesI
As noted above, our original idea was to prepare patulolides from α,β-unsaturated
macrolides by an allylic oxidation reaction. Of the many methods58,176-184 for allylic
oxidation, reported in the literature, we tested nine. The results of the oxidation
trials are collected in Table 6.
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Table 6. Results from the allylic oxidation trials on 2-dodecen-11-olides
Oxidant Oxidant
equiv.
Reaction
time (h)
Product Reference
CrO3-Ac2O-AcOH 5 0.5 Mixture, only trace of 18 177
PCC 2.5 48 Mixture, no patulolides 178
NACAA 2.5 24 Starting material 179
PDC, t-BuOOH 0.5-16 1-144 Starting material, 18 (10%) 180
CrO3, t-BuOOH 0.5 1-120 Starting material 181
SeO2 1.4 0.5-51 Starting material, 139 (17%)  58
SeO2, t-BuOOH 0.5-1 1-192 Starting material 182
NBS, vis hν 2.5 1 Mixture, no patulolides 183
Iodoxybenzene 1-3 6-19 Mixture, no patulolides 184
None of the allylic oxidation reactions worked properly. Most of the trials gave
either starting material or a mixture of products in which the macrolide structure
was decomposed. Only CrO3-Ac2O-AcOH and PDC with t-BuOOH gave small
amounts of (±)-patulolide B. SeO2 oxidation gave 17% of 5–(7-hydroxyoctyl)-2-
(5H)-furanone 139, which was assumed to be the internal transesterification
product of initially formed Z unsaturated γ-hydroxy macrolide (±)-33 (Scheme 48).I
O
O
SeO2
OO
OH
O
OH
O
139
(±)-33
Scheme 48. Formation of the furanone derivative 139 in SeO2 oxidation.
Since the allylic SeO2 oxidation of the 16-membered E  α,β-unsaturated lactone
occurs without difficulty58 we assumed that the lack of reactivity in oxidation of
63b and 117 has to do with the conformational rigidity of 12-membered α,β-
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unsaturated macrolides.I, III The conformations of 12E  and 12Z macrolides are
discussed in section 7.2.2.
7.1.1.3  Synthesis of (±)-patulolide C and its epimerIII
As the allylic oxidation of (E)- and (Z)-2-dodecen-11-olides 63b and 117 was
unsuccessful we adopted another strategy to prepare patulolides. The synthesis
route to (±)-patulolide C (±)-19 and (±)-epipatulolide C (±)-37 is shown in Scheme 49.
O
O
O
O
O
O
O
OH
COOMe
COOH
OH
MCPBA
1) BH2Cl.SMe2, PCC
2) MeTi(OCHMe2)3
3) LiOH
Ph3P, DEAD
67%
LDA
92% 42%
 LDA, HMPA
67% 77%
136 (  )5
(  )5
140
141
138
142 (±)-19
(±)-37
Scheme 49. Synthesis of (±)-patulolide C(±)-19 and its epimer (±)-37.
Deconjugative protonation185 of the enolate of methyl 2,10-undecdienoate 136 gave
the β,γ-unsaturated diene ester 140 as a mixture of inseparable E  and Z isomers
(ratio 1:3). The yield of deconjugation with LDA-HMPA was 67% and no increase
in the yield was detected when lithium hexamethyldisilazide was used as reagent.186
The diene ester 140 was converted to the (ω-1)-hydroxy acid 141, which was
lactonized by the Mitsunobu procedure.45 No isomerization of the double bond
occurred under the neutral Mitsunobu reaction conditions and 138 had the same
ratio 1:3 of E and Z isomers as the diene 140. Compound 138 was obtained in 25%
yield from the commercially available methyl 10-undecenoate.III The literature
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mentions several syntheses29,49,187-197 for (Z)-3-dodecen-11-olide (Z)-138, which is a
pheromone of grain beetles of the genera Cryptolestes and Oryzaephilus.26,191 These
grain beetles are major pests of cereal and grain crops. Both enantiomers of (Z)-138
have been patented for use as attractants in insect traps.29
Treatment97 of the non-conjugated lactone 138 with MCPBA gave a 1:1 mixture
of previously unknown diastereomeric epoxides 142. The epoxides were separated
by flash chromatography on silica gel. The base promoted conversion of
(3R*,4S*,11R*)-3,4-epoxy-11-dodecanolide 142a and (3S*,4R*,11R*)-3,4-epoxy-
11-dodecanolide 142b to allylic alcohols afforded (±)-patulolide C (±)-19 and its
epimer (±)-37 (Scheme 50).III
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Scheme 50. Cleavage of the two diastereomeric epoxides 142a and b leading to the
formation of (±)-patulolide C (±)-19 and its epimer (±)-37.
The base-promoted conversion of epoxides 142a and 142b to allylic alcohols (±)-
19 and (±)-37 was surprisingly problematic. This well-known and facile conversion
usually gives high yields, particularly when the adjacent methylene group is acti-
vated.198 The LDA treatment of structurally similar β,γ-diepoxide of 16-membered
ring diester afforded pyrenophorol in quantitative yield.97 However, in our case the
LDA-promoted epoxide cleavage gave only 42% yield of the allylic alcohols. Also
other bases were tested for the cleavage, namely, NaH, DBU at r.t., DBU in
refluxing THF,199 and magnesium derivative of isopropylcyclohexylamine200
(MICA); but the product was mainly starting material. When LDA was used
together with HMPA the macrolide structure was completely destroyed.III
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According to the Cameo program201 the pKa value (in DMSO) of the α-proton in
142 is 29, which means that all the tested bases should be basic enough to be able
to deprotonate the α-position. When we treated the 15-membered homologous
epoxide with LDA the yield of the allylic alcohols was much higher (72%). The
lower reactivity of the 12-membered ring lactones 142 towards the epoxide
cleavage reaction was again assumed to be due to the conformational restrictions.III
 The total yields for (±)- 19 and (±)- 37 were 10% in eight steps. As (±)-
patulolides A (±)-17 and B (±)-18 can be obtained from (±)-19 or (±)-37 by
oxidation with H2Cr2O7 or PDC,93 respectively, this synthesis can also be
considered as a synthesis of (±)-patulolides A and B in the formal sense. The
synthesis routes for patulolide C 1942,87,90,91,93,95 and epipatulolide C 3788,89,93,95 (both
racemic and optically active forms) described in the literature are much longer
(11–19 steps) than the route introduced in this work.
7.1.2  Synthesis of 13–15-membered α,β-unsaturated macrolidesII
The clear difference in the reactivities of 12- and 16-membered α,β-unsaturated
macrolides towards allylic oxidation persuaded us to study the intermediate ring
sizes. For this purpose, both 2E and 2Z unsaturated 13–15-membered macrolides
were prepared. The synthesis routes to E and Z isomers of 2-tridecen-12-olide (±)-
77 , 143, 2-tetradecen-13-olide 93, 144 and 2-pentadecen-14-olide 145, 146 are
described in Scheme 51. The detailed description of the experimental work, as well
as the yields of individual steps, can be found in the attached original paper II. The
total yields were 8–28% for E isomeric α,β-unsaturated macrolides (±)-77, 93, and
145 and 4–11% for Z isomeric macrolides 143, 144, and 146.
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Scheme 51. The synthesis of 2-tridecen-12-olides (±)-77, 143, 2-tetradecen-13-olides 93,
144, and 2-pentadecen-14-olides 145, 146.
For the preparation of 13-membered macrolides (±)-77 and 143, commercially
available 9-decen-1-ol was first oxidized202 with pyridinium chlorochromate (PCC)
to 9-decenal (also commercially available). 10-Undecenal served as starting
material for the 14- and 15-membered macrolides. Aldehydes 147 were olefinated
either by a Wittig reaction using the stabilized ylide PhP=CHCO2Et to yield the E
α,β-unsaturated dienoic esters (E)-148 as single isomeric products or with the
bulky Horner–Emmons reagent203 (PhO)2P(O)CH2CO2Et to afford (Z)-148. Some E
isomeric product was present in the latter reaction, but the E and Z isomers were
separated by flash chromatography on silica gel. The dienoic esters 148 were
converted to the (ω-1)-hydroxy acids 149, which were then cyclized. In the
synthesis of the 15-membered macrolide Wittig olefination with MePPh3I was used
to elongate the chain by one carbon.II
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For the ring closure step we used either the Yamaguchi or the Mitsunobu
lactonization reactions.41,45 In our experience the E α,β-unsaturated macrolides are
best prepared by the Yamaguchi lactonization procedure. However, the basic
reaction conditions cause some isomerization of the α,β-double bond to β,γ-
position (Table 7, entries 1,3,7). Both the Yonemitsu modification4 3 of the
Yamaguchi procedure and the Mitsunobu lactonization45 gave selectively E  α,β-
unsaturated macrolide, but the yields were low (entries 4 and 5).
Table 7. Results from the lactonization of α,β-unsaturated (ω-1)-hydroxy acids
Entry  Ring
size
Product Method αβ : βγ Total yield
(%)
1 13 E      (±)-77 Yamaguchi 3.6 : 1 61
2 13 Z 143 Mitsunobu all αβ 26
3 14 E   93 Yamaguchi 2 :1 54
4 14 E   93 Yonemitsu all αβ 16
5 14 E   93 Mitsunobu all αβ       <10
6 14 Z 144 Mitsunobu all αβ 20
7 15 E 145 Yamaguchi 1.6 :1 50
8 15 Z 146 Mitsunobu all αβ 17
All efforts to lactonize Z α,β-unsaturated (ω-1)-hydroxy acid (Z)-149 under the
basic  Yamaguchi conditions41 resulted in formation of the more stable 2E
unsaturated macrolides. To prepare macrolides with Z double bond the method of
choice was the Mitsunobu lactonization procedure. No isomerization of the double
bond was detected under the neutral reaction conditions.45 Unfortunately the
Mitsunobu lactonization of macrolides 143, 144, and 146 suffered from relatively
low yields (entries 2, 6, 8).II To our knowledge the macrolides 143–146 have not
been reported earlier. The macrolides 77 and 93 have been prepared as galbanum
macrolide precursors.56,59,63
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7.1.3  SeO2 oxidation of α,β-unsaturated 13–15-membered macrolidesII,IV
To study the effects of ring size on the allylic oxidation reaction we oxidized the
13–15-membered α,β-unsaturated macrolides. We chose SeO2 as the oxidant, for
several reasons: Selenium dioxide oxidation and its variants are by far the most
popular reactions for producing allylic alcohols from olefinic starting materials.
Besides allylic alcohols, SeO2 has also been used to produce α,β-unsaturated
carbonyl compounds, although chromium based oxidants are utilized more
frequently to obtain this conversion.176 As we were equally interested in α,β-
unsaturated γ-hydroxy and γ-oxo products, SeO2 was a suitable oxidant.
Furthermore, the allylic oxidation of (E)-2-hexadecen-15-olide with SeO2 is known
to be successful, giving the 16-membered ketomacrolide in 71% yield.58 In
addition, the mechanism of the SeO2 oxidation is well known,176 which makes it
easier to rationalize the reaction outcome. In this section, first the mechanism of the
SeO2 oxidation is discussed, and then the experimental results obtained in the
allylic oxidations of 13–15-membered α,β-unsaturated macrolides.
Mechanism of the allylic oxidation with SeO2
Among the several mechanisms that have been proposed, the most widely
accepted176 mechanism for the SeO2 allylic oxidation is that proposed by Sharpless
and co-workers.176,204 The mechanistic pathway begins with an ene-reaction, which
is followed by [2,3]-sigmatropic rearrangement (Scheme 52).204 Both steps consist
of a six-electron pericyclic reaction leading to regio- and stereospecific
products.176,205
H
O Se O
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O
+H2O
H2OSe O
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ene [2,3]-shift
+ Se0
+ Se(OH)2
Scheme 52. Mechanism of SeO2 allylic oxidation.204
The ene-reaction is the rate determining step of the reaction and it can explain the
regioselectivity of the oxidation reaction.205 In the transition state of the ene-step
there must be a parallel arrangement of the p-orbitals of the double bond and the σ-
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orbital of the breaking C–H bond.206 The order of reactivity of the C–H bonds
depends on the alkene structure. The 1,2- and gem-disubstituted alkenes react with
a reactivity sequence CH>CH2>CH3 and trisubstituted alkenes with a sequence
CH2>CH3>CH, but in each case so that the oxidation occurs at the more highly
substituted end of the double bond.207-209 Both steps of the ene-[2,3]-sigmatropic
rearrangement mechanism consist of a six-electron pericyclic reaction that should
occur suprafacially.205 The [2,3]-sigmatropic rearrangement can explain the
observed E  selectivity of the reaction regardless of olefin geometry. The
stereoselectivity is assumed to result from unfavourable steric interactions in the
transition state for the [2,3]-sigmatropic rearrangement leading to Z products.210
When the starting material is an open chain compound the product is almost
completely in the E configuration regardless of the configuration of the starting
material. The isomerization of the Z double bond takes place after the ene-reaction
via a 180° rotation, which enables the formation of E double bonded product
(Scheme 53).205 For the endocyclic olefins in small rings the product is necessarily
the Z allylic alcohol.210 In some cases the isomerization of E olefinic material to Z
allylic alcohol has also been observed, for example in the case of a 10-membered
sesquiterpene lactone.182
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Scheme 53. Mechanism of the double bond isomerization after the ene-reaction.205
The last step of the reaction is either the hydrolysis of the Se–O bond in selenic
ester to E alcohol or direct elimination to the carbonyl product (Scheme 52).204
Water formed during the elimination reaction can explain the formation of the
hydroxy product even under dry reaction conditions. If the hydroxy product is
primary it can be further oxidized to the aldehyde product. It is also possible to
selectively oxidize primary allylic alcohols with SeO2 to α,β-unsaturated aldehydes
in the presence of secondary allylic alcohol groups. The selectivity originates from
the destabilized transition state of the secondary allylic alcohol.211 However, there
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are some examples of reactions in which a secondary allylic alcohol has been
oxidized with SeO2 to the corresponding ketone.212
Although the mechanism proposed by Sharpless can explain the observed
regio- and stereoselectivity of the SeO2 oxidation, it is not clear whether the ene-
reaction in alcoholic solvents is concerted as proposed by Sharpless or whether it is
ionic and stereorandom.205 Stephenson and Speth205 studied the isotope effects
observed in the reaction and proposed that in alcoholic solvents the selenium
dioxide is converted to selenic acid, which favours an ionic two-step ene-reaction
leading to ‘crossover’ products. In basic reaction medium this ionic pathway is
suppressed.205 Just recently, however, the mechanism of the allylic hydroxylation of
alkenes with SeO2 was investigated by kinetic isotope effect both experimentally
and by theoretical calculations. This study strongly suggests that the major
mechanistic pathway operative in SeO2 oxidation is the concerted ene-reaction,
even in alcoholic solvents. According to the transition state structure calculations
the active oxidant in the reaction is SeO2 rather than selenous ester or acid.213
Allylic oxidation of 13–15-membered α,β-unsaturated macrolidesII, IV, VI
SeO2 oxidations of the macrolides (±)-77 , 93 , 143–146 always gave several
products, which were separable by chromatographic methods. The oxidized
products are shown in Scheme 54. To our knowledge, the oxidized products 150,
151a–b, and 152a–b are new, but the synthesis of macrolides 78, 97b, and 99 has
been reported. 90,110,118
Scheme 54. Products of the allylic oxidation of 13–15-membered α,β-unsaturated
macrolides.
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The relative amounts of γ-hydroxy and γ-oxo products depend on the reaction
medium. Bestmann and Schobert showed that the γ-oxo products are formed in dry
dioxane, whereas the formation of γ-hydroxy products requres a small amount of
water.58 However, in our experience a mixture of products was always formed,
even under dry reaction conditions. The addition of water indeed increased the
proportion of γ-hydroxy macrolide in the product mixture but did not prevent the
formation of ketone product. The formation of alcohol and ketone product mixtures
can be explained by the two possible pathways of the selenic ester decomposition:
hydrolysis and direct elimination (see Scheme 52).204 The product distributions are
shown in Table 8.
Table 8. Products and yields of the SeO2 oxidation of α,β-unsaturated macrolides
Starting
material
Yield of ketone and
the ratio of product
isomers
Yield of hydroxy
products (all E)
Yield of
152 (%)
Total yield
(%)
13E  (±)-77 Trace     Z               151a     28    78  22 a 50
13Z      143 11%      Z                151a     31    78  22 a 64
14E        93 39%      E                151b     25  150  11 b 75
14Z      144 15%      E:Z  1.3:1  151b     40  150  11 b 66
15E      145 26%      E:Z     8:1      99     21    97b 47
15E      145 19%      E:Z     8:1      99     41a    97b 60
15Z      146 34%      E:Z  2.6:1      99     10    97b 44
a) H2O added to the reaction mixture
The isolated γ-oxo products were predominantly in E configuration, with the
exception of the 13-membered ketone product 151a which was solely in the Z
configuration irrespective of the geometry of the starting material. This is in
accordance with the results of molecular mechanics calculations, which show that
in this case the Z isomer is energetically more favourable than E. No isomerization
of the double bonds was detected even after prolonged storage, even though Bienz
and Hesse have reported118 the isomerization of 15- and 16-membered E α,β-
unsaturated γ-oxo macrolides to a 1:1 mixture of E and Z isomeric products both in
solution and in pure form.
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All the isolated γ-hydroxy products had the E configuration regardless of the
starting material geometry. This is in accordance with the E preference of the [2,3]-
sigmatropic rearrangement.205 An interesting feature of the SeO2 oxidation of
macrolides is that the γ-hydroxy products are formed diastereoselectively.
Stereoselective SeO2 oxidation has been observed with six-membered cycloalkenes,
which favour pseudoaxial alcoholic products.214 The selectivity of the allylic
oxidation of macrocycles is a consequence of conformational stereocontrol. The
ratios of the diastereomeric alcohols (R*,S*) and (S*,S*) vary between 75:25 and
>99:1 (Table 9). The descriptor (R*,S*) is used to denote the mixture of (R,S) and
(S,R) enantiomers and (S*,S*) the mixture of (R,R`) and (S,S) enantiomers. To
avoid confusion with the drawn structures the descriptor (S*S*) is used, although
according to the IUPAC rules the descriptor (R*,R*) should be used instead.
Table 9. The diastereoselectivity of the macrolide γ-hydroxylation reactions
Starting material n Product ratio (R*,S*):(S*,S*)
by GLC
13E    (±)-77 1 89:11       78
13Z        143 1 81:19       78
14E          93 2 85:15     150
14Z        144 2 75:25     150
15E        145 3 >99:1      97b
15Z        146 3 >99:1      97b
The main diastereomer was identified as (R*,S*). The two diastereomeric hydroxy
products were distinguished by 1H NMR and the identification of the major product
was based on literature NMR values of enantiomerically pure 12- and 13-
membered macrolides.93,90 The signals assigned to the hydrogen at C3 in the major
product have slightly smaller shifts than the corresponding signals of the minor
product. In addition, the vicinal coupling constant J3,4 between hydrogens at C3 and
C4 is larger in the major product diastereomer (R*,S*) (Table 10). Furthermore, we
calculated the coupling constants from the Karplus equation utilising the
conformations obtained with MacroModel.173 These calculated coupling constants
were in reasonable agreement with the observed values. The relative
stereochemistry of the two stereogenic centres in the major product diastereomer
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(R*,S*) of 4-hydroxy-2-tetradecen-13-olide 150 was also determined from the X-
ray structure (Figure 15).VI
Table 10. Differences in the 1H NMR spectra of (R*,S*) and (S*,S*) γ-hydroxy macrolides
Product (R*,S*)
δ O–C(O)–C=CH ppm
(J3,4 Hz)
(S*,S*)
δ O–C(O)–C=CH ppm
(J3,4 Hz)
12E       19 6.85   (6.5) 7.01   (4.4)
13E       78 6.89   (7.0) 7.05   (4.4)
14E     150 6.92   (6.6) 6.98   (5.0)
15E       97b 6.77   (7.0) 6.93   (4.4)
Figure 15. The X-ray structure of (2E,4R*,13S*)-4-hydroxy-2-tetradecen-13-olide 150.
The 13- and 14-membered macrolides also gave among the oxidation products the
furanone derivatives 5-(8-hydroxynonyl)furan-2-(5H)-one and 5-(9-hydroxydecyl)-
furan-2-(5H)-one 152a  and b (Table 8).II,IV The formation of 152  from the E
unsaturated starting materials indicates that rotation has occurred after the ene-
reaction. The similar five-membered lactone was the only product isolated from the
SeO2 oxidation of the 12-membered macrolide.I We assume that these furanone
derivatives are formed via an internal transesterification of the initially formed Z
α,β-unsaturated allylic alcohol, which was never isolated from the reaction mixture
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(see Scheme 48). If 152 were formed from the γ-hydroxy macrolides 78 and 150
the ratio of the two diastereomeric furanones should be in accordance with the
stereochemistry of the hydroxy macrolides. In spite of several trials we were unable
to determine the relative stereochemistry of the two very remote stereogenic centres
in 152. These diastereomers were not separable by GLC. No differences were
detected in 1H or 13C NMR spectra (200 MHz and 300 MHz, in CDCl3 and C6D6) of
diastereomers 152 or of their MTPA-ester215 derivatives. We also attemped to
determine the ratio of the product diastereomers by 1H NMR in the presence of
NMR shift reagent Eu(hfc)3216 but without success.
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7.1.4 Synthesis of (E)-4-oxo-2-tridecen-12-olide and 4-oxo-13-tetradecanolideIV,V
The 14- and 15-membered unsaturated ketomacrolides (E)-151b  and (E) -99
obtained from the SeO2 oxidation reactions were used as starting materials for the
NaBH4 reduction as we wished to study the stereoselectivity of this reaction on γ-
oxo macrolides. In addition, we prepared the 13-membered (E)-4-oxo-2-tridecen-
12-olideIV 153 and the 14-membered saturated 4-oxo-13-tetradecanolideV 154 as
described in Scheme 55.
COOH
O OOH
(CH2)m
OO
O
O
OO
O
O
OO
O
COOEt
OH
(CH2)m
OO
O
H2
Pd/C
TsOH .H2O
AcetoneYamaguchi
(  )n
TsOH .H2O
Acetone
n=1
n=2
1) Ac2O, py
2) SeO2
3) HOCH2CH2OH, TsOH
4) LiOH, H2O, THF
m=7,8
40%
30-35%
60%
91%
100%
155a n=1
155b n=2 153
154
Scheme 55. The synthesis route to (E)-4-oxo-2-tridecen-12-olide 153 and to 4-oxo-13-
tetradecanolide 154.
As shown in Scheme 55, the allylic oxidation reactions were carried out prior to the
ring closure step and the γ-oxo products that were formed were protected. In the
macrolide products 155a and 155b the double bond was completely in E geometry.
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7.1.5  Diastereoselective reactions of γ-oxo macrolidesIV,V
7.1.5.1  NaBH4 reduction
The reductions of the 13–15-membered E α,β−unsaturated macrolides appeared to
be highly diastereoselective (Scheme 56).IV
NaBH4-CeCl3OO
O
OO OO
HOHO
(  )n (  )n (  )n
+
      153       n=1
(E)-151b     n=2
(E)-99         n=3
(R*,S*)-78    n=1
(R*,S*)-150  n=2
(R*,S*)-97b  n=3
(S*,S*)-78    n=1
(S*,S*)-150  n=2
(S*,S*)-97b  n=3
*
*
*
*
Scheme 56. NaBH4 reduction of 13–15-membered E α,β−unsaturated macrolides 153,
(E)-151b, and (E)-99.
The reductions were done under modified Luche conditions217 with NaBH4 and
CeCl3 heptahydrate in ethanol. CeCl3 was added to increase the 1,2-selectivity of
the reaction. Table 11 summarizes the results of the reductions of ketomacrolides
153, (E)-151b, and (E)-99. In all cases the major product diastereomer was (S*,S*),
which was the observed minor product diastereomer in the SeO2 oxidation
discussed above.
Table 11. NaBH4-CeCl3 reduction of the ketomacrolides
Starting material n Total
yield %
Product ratio
(R*,S*):(S*,S*) by GLC
13E             153 1 78   4:96      78
14E       (E)-151b 2 91 18:82    150
15E         (E)-99 3 88 12:88      97b
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The 14-membered saturated macrolide 4-oxo-13-tetradecanolide 154 was also
reduced under modified Luche conditions.217 The ratio of the two product
diastereomers 156:157 was 19:81 (Scheme 57). The outcome of this reaction is
very similar to that in the reduction of the 2E unsaturated 14-membered macrolide
(E)-151b indicating that in this case the effect of the double bond on the selectivity
of the reaction is negligible. The reduction of saturated ketomacrolide 154 with
NaBH4 without the addition of CeCl3 decreased the selectivity slightly to 28:72.
This indicates some kind of cation chelation between the two carbonyl groups and
Ce3+.V
OO
O
OOOO
HO HO
NaBH4
CeCl3
-78°C
+
19:81154 156 157
* *
**
Scheme 57. Reduction of the 4-oxo-13-tetradecanolide 154.
To confirm the stereochemistry of the major product 157 the corresponding α,β-
unsaturated γ-hydroxy macrolide (S*,S*)-150 obtained as minor product from the
SeO2 oxidation was hydrogenated. The hydrogenation under palladium catalysed
conditions gave a mixture of three products (Scheme 58). In addition to the desired
saturated γ-hydroxy macrolide 157 (31%) we also isolated the five-membered ring
lactone 5-(9-hydroxydecyl)dihydrofuran-2(3H)-one 158 (26%) and the saturated
ketone 154 (23%). We assume that 154 is formed by way of the corresponding
enol, derived from 150 by a double bond shift.V,218,219
OO
OO OO OO
OHO HO
H
OH
H
**
*
+80%
*
*
*
(  )7+
(S*S*)-150 157 154 158
H2
Pd/C
EtOH
Scheme 58. The hydrogenation of (2E, 4S*,13S*)-4-hydroxy-2-tetradecen-13-olide 150.
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We also prepared the other diastereomeric γ-hydroxy macrolide, 156, by
hydrogenating the THP protected macrolide 159 under palladium catalysed
conditions (Scheme 59). The surprising result from this reduction was that the THP
protecting group was cleaved and a single γ-hydroxy product 156 was afforded in
78% yield.V Later this serendipitous cleavage of the THP-protecting group was
shown to be caused by a transacetalization reaction catalysed by the acid formed
during the hydrogenation from the residual PdCl2 present in the commercial Pd/C
catalyst.220
OO OO
THPO HO
78%
*
*
*
*
159 156
H2
Pd/C
EtOH
Scheme 59. The hydrogenation reaction of the THP-protected γ-hydroxy macrolide 159.
7.1.5.2  Grignard addition reaction
Since the NaBH4 reduction at the γ-oxo position of macrolides 153, (E)-151b, and
(E)-99 was found to be highly stereoselective due to conformational stereocontrol,
other reactions at this C4 position were likewise expected to give selective
products. The Grignard addition of MeMgI to the (E)-4-oxo-2-tetradecen-13-olide
(E)-151b was tested and two diastereomeric products 160 and 161 were obtained in
ratio 86:14. The selectivity of this reaction was almost the same as the selectivity of
the reduction reaction of (E)-151b. Unfortunately we were not able to determine
the relative stereochemistry of the two stereogenic centres by NMR methods (1H,
13C, ROESY). However, assuming that the reduction and the Grignard addition
occur to the same local conformation of the ketomacrolide (E)-151b from the more
open peripheral face of the carbonyl group, the major product from the Grignard
addition should be (4S*,13S*) 160 (Scheme 60).II
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MeMgI
OO
O
OO OO
Me HO
HO Me
53%
*
* *
*
(E)-151b 160 161
+
86:14
Scheme 60. The Grignard addition reaction of (E)-4-oxo-2-tetradecen-13-olide (E)-151b.
The stereochemical outcomes of the NaBH4 reduction and the Grignard addition
reactions are due to conformational stereocontrol. We studied the conformations of
the γ-oxo macrolide starting materials 153, (E)-151b and (E)-99 in order to explain
or even predict the ratio of the diastereomeric products. The conformations of
ketomacrolides and their influence on these reactions are discussed in sections 7.2.4
and 7.2.5.
7.1.6 Synthesis of open chain compounds with remote stereogenic centres
          utilizing macrolides as templates
The conformational stereocontrol of macrolides can be used to prepare open chain
compounds with very remote stereocentres. The literature gives some examples of
the utilization of macrolides as templates for chiral open chain compounds.139,154,221
The hydroxy macrolides prepared in this work offer a way of effecting very remote
asymmetric induction (1,9-, 1,10-, or 1,11-) in the synthesis of long alkyl chain
compounds.
We did two experiments where the γ-hydroxy macrolide (R*,S*)-150b was
converted to open chain products without affecting the stereogenic centres. In the
first one, hydrolysis of the γ-hydroxy macrolide (R*,S*)-150b gave the (E)-4,13-
dihydroxy-2-tetradecenoic acid 162 in which the two secondary hydroxy groups are
separated by 10 carbon atoms (Scheme 61).
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O
HO
O
LiOH, THF, H2O
COOH
OH
OH
*
*
*
*
(R*,S*)-150b
162
Scheme 61. The hydrolysis of γ−hydroxy macrolide (R*,S*)-150b.
In the second experiment the 14-membered a,β−unsaturated γ−hydroxy macrolide
(R*,S*)-150b was reduced with LiAlH4
.
 The pro duct from this reaction was a
saturated 1,4,13-tetradecanetriol 163 in which the two secondary hydroxyl groups
again have a 1,10- relationship (Scheme 62).
LiAlH4
OH
OH
O
HO
O
OH
*
*
(R*,S*)-150b 163
*
*
Scheme 62. LiAlH4 reduction of (2E,4R*,13S*)-4-hydroxy-2-tetradecen-13-olide 150b to
an open chain triol product 163.
Neither the hydrolysis nor the reduction reaction affects the stereogenic centres of
the hydroxy macrolides and the products should thus have the same
stereochemistry at the stereogenic centres as the starting materials. Unfortunately,
we have no means to verify the stereochemistry of the remote asymmetric centres
in these open chain products.
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7.2  Results of the calculations
7.2.1 Introduction to the conformational studies
Adopting the original method of Still and Galynker119 we used starting material
conformations as approximations of the transition state to predict the major product
diastereomer. The product ratios were calculated from the Boltzmann distribution
of relevant starting material conformations. Starting material and/or product
conformations have been successfully used119,143,144 to predict the product ratios of
macrolides even though this method neglects the Curtin–Hammett principle.141
According to the original Curtin–Hammett principle,141,222,223 when two
rapidly interconverting starting material conformations give rise to two non-
interconverting products, the ratio of these products depends solely upon the
difference in the free energy of the transition states and not at all on the relative
proportions of the starting material conformations. However, the original
Curtin–Hammett principle was later modified and the new definition does not
necessarily rule out the dependence of the product ratio on the proportion of the
starting material conformations.223,224,225 It should be emphasized that the
Curtin–Hammett principle is valid only if the interconversion between the starting
material conformations is much faster than the reaction.141,223 ,224 The
Curtin–Hammett principle cannot be solved in the multiconformer case.
We made no attempt to model the transition states of the reactions because
transition state modelling with empirical force fields requires extensive tuning of
the standard force field parameters, and the applicability of empirical calculation
methods to transition state modelling is limited. For modification of the force field
parameter help is required from other sources, such as ab initio calculations.226
To calculate the conformations of the starting macrolides we used molecular
mechanics calculations with MacroModel173 in MM2* and/or in MM3* force
fields. The starting geometry was a randomly drawn structure which was
minimized and then subjected to a conformational search using the Monte Carlo
method. The conformations were minimized using the Polak-Ribière Conjugate
Gradient minimization method. 5000 or 10 000 Monte Carlo search steps were
carried out and the structures were minimized using 1000 iterations. Only
structures within 20 kJ/mol of the minimum were kept. The searches were repeated
using different random starting geometries. Low energy conformations were found
several times in all calculations.
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The conformational searches revealed several low energy conformers that
contributed significantly to the structure at room temperature. Since it is not
convenient to handle a very large number of conformations when studying, for
example, the ring torsions of each conformation, we limited our studies to the
region 4.18–10 kJ/mol from the minimum. The conformational aspects are
discussed in connection with each reaction of the macrolides to explain the
observed results.
The method of explaining and predicting the major product simply by
looking at the conformer distribution of the starting materials is very simple and
although it neglects the Curtin–Hammett principle it still gives a reasonably good
fit with the experimental results.
7.2.2  Conformations of 12–15-membered α,β-unsaturated macrolides
This section looks at the conformations of the 12–15-membered α,β-unsaturated
macrolides and then at the consequences of these conformations for allylic
oxidation reactions. The conformations of the macrolides were generated by
MacroModel173 searches in MM2* force field.
Conformations of 2E unsaturated macrolides
Molecular mechanics calculations gave 30, 45, 35, and 136 conformations within
10 kJ/mol of the minimum for the 12–15-membered 2E unsaturated macrolides
63b, 77, 93, 145, respectively. The lowest energy conformations 21, 22, 23, and 24
of the four macrolides are depicted in Figure 16. (Stereoviews of the lowest energy
conformations and graphs of their ring torsions are shown in Appendix 2.)
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Figure 16. Lowest energy conformations of the E isomers of 2-dodecen-11-olide 63b 21,
2-tridecen-12-olide 77 22, 2-tetradecen-13-olide 93 23, and 2-pentadecen-14-olide 145
24. Some of the hydrogens are omitted for clarity.
Table 12 presents some essential structural parameters obtained from the
calculations. The 12E macrolide 63b differs noticeably from the larger ring
homologues in regard to the ester group conformation. In the 12E case the ester
group is bent out of plane, the C–O–C(O)–C torsion being anticlinal, and there is
only one conformation (15th, 6.2 kJ/mol from the minimum) with a normal s-trans
ester130-132 conformation. As the ring size increases the number of conformations
with anticlinal ester groups decreases and the ester groups adopt the s-trans
conformation. The average of the ester group torsional angle increases with the ring
size.
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Table 12. Local conformations of (2E)-unsaturated macrolides
Compound Number of
conformations
(within 10kJ/mol)
C–O–C(O)–Ca Average of
C–O–C(O)–C
angle
O–C(O)–C=Ca
12E         63b 30 1 s-trans
29 ac
142°   24 spp
    3 app
    3 ac
13E   (±)-77 45 20 s-trans
25 ac
148°   38 spp
    7 app
14E         93 35 31 s-trans
4 ac
157°   30 spp
    5 app
15E       145 136 120 s-trans
16 ac
161° 103 spp
  33 app
a) ac = anticlinal, app =  antiperiplanar, spp = synperiplanar
The dihedral angle O–C(O)–C=C is usually syn- or antiperiplanar. However, the
12E macrolide has three low energy conformations with anticlinal O–C(O)–C=C
torsion indicating a loss of conjugation in the enone part of the structure. Close
contacts (<2.5Å) across the ring are common in the low energy conformations of
12–15-membered E  α,β-unsaturated macrolides. As the ring size increases the
transannular strain becomes less important and the ring becomes more flexible.
In all low energy conformations of 12–15-membered α,β-unsaturated
macrolides the double bond is perpendicular to the plane of the ring and this
orientation makes the two faces of the π-system different. One face of the double
bond is effectively shielded by the methylene skeleton, whereas the other face is
open (see Figure 16).
Conformations of 2Z unsaturated macrolides
Conformational searches done for the Z  α,β-unsaturated 12–15-membered
macrolides 117 , 143 , 144 , and 146 gave 10, 64, 23, and 95 conformations,
respectively, within 10 kJ/mol of the minimum. The lowest energy conformations
25, 26, 27, and 28 of these macrolides are presented in Figure 17. (Stereoviews of
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the lowest energy conformations and graphs of their ring torsions are shown in
Appendix 2.)
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Figure 17. The lowest energy conformations of the Z isomers of 2-dodecen-11-olide 117
25, 2-tridecen-12-olide 143 26, 2-tetradecen-13-olide 144 27, and 2-pentadecen-14-olide
146 28. Some of the hydrogens are omitted for clarity.
Some essential parameters of the 2Z unsaturated macrolides taken from the results
of the molecular mechanics calculation are presented in Table 13. In the majority of
conformations the ester group is in the normal s-trans130-132 form, the average angle
being 165°–170°. Anticlinal ester conformations were found only in 13Z
conformations. The conjugation of the double bond to the ester carbonyl group is
usually strong, but conformations with anticlinal arrangements are also found,
especially in the case of the 13Z macrolide. The Z isomeric conformers have close
transannular contacts (<2.5Å) that seem to be more abundant than in the E isomers.
The number of these contacts decreases as the ring size increases.
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Table 13. Local conformations of 2Z unsaturated macrolides
Compound Number of
conformations
(within 10kJ/mol)
C–O–C(O)–Ca O–C(O)–C=Ca
12Z  117 10 s-trans 7 spp, 1 app
2 ac
13Z  143 64 s-trans
4 ac
30 spp, 23 app
10 ac, 1 sc
14Z  144 23 s-trans 13 spp, 10 app
15Z  146 95 s-trans 32 spp, 62 app
1 ac
          a) ac = anticlinal, sc = synclinal, spp = synperiplanar, app = antiperiplanar
A clear difference between Z and E isomeric compounds can be seen in a study of
the environment of the double bond. The π-system in Z unsaturated macrolides is
not necessarily shielded by the methylene skeleton, but the π-system in the E
unsaturated macrolides clearly is. A good example of this type of double bond
orientation can be seen in the lowest energy conformation 25 of the 12Z macrolide
(Figure 17).
Comparison of the energies of the lowest energy conformations of 2E and 2Z
macrolides showed that the Z isomer was energetically more favourable than the E
isomer only in the case of the 12-membered macrolide (Table 14). The preference
for Z configuration of the double bond in the 12-membered ring was even more
striking (27.7 kJ/mol) when the lowest energy conformations of α,β-unsaturated γ-
oxo macrolides were compared.
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Table 14. The energy differences between the lowest energy
                      conformers of (2E)- and (2Z)-unsaturated macrolides
Ring size ∆E kJ/mol
(EE – EZ)
12 10.1
13 -4.1
14 -5.0
15 -7.5
7.2.3  Effects  of macrolide conformation on the allylic oxidation reaction
7.2.3.1  12-Membered α,β-unsaturated macrolides
The inertness of the 12-membered macrolides towards SeO2 oxidation must be of
conformational origin since all the larger ring homologues become oxidized. As
there seems to be no steric hindrance for the oxidant to approach the double bond,
and the recovery of starting material indicates that the first stage of the reaction
must be blocked, we studied the effects of macrolide conformations on the ene-part
of the SeO2 oxidation.II For the ene-reaction to occur there must be sufficient
overlap between the p-orbitals of the double bond and the σ-orbital of the breaking
C–H bond in the transition state, meaning that the dihedral angle C=C–C–H is
ideally 90°.206 In the transition state, the O–C(O)–C=C–C part of the molecule
tends to be linear and planar.
First the allylic torsional angles C=C–C–H of 12–15-membered macrolides
were studied in order to find out whether the inertness of the 12-membered
macrolides is due to a poor orbital overlap in the transition state. Conformations
within 10 kJ/mol of the minimum having the allylic torsional angle |90°±40°| were
chosen for study (Table 15).
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Table 15. Allylic torsions of 12–15-membered α,β-unsaturated macrolides
Macrolide Number of
conformations
within 10kJ/mol
Number of
accepted
conformationsa
Allylic torsion
of the lowest
energy
conformation
The best allylic
torsion b
(∆E kJ/mol)
12E        63b 30 13 -119° -109°   (9.6)
13E  (±)-77 45 24 -116°   -99°   (6.7)
14E        93 35 25 -117° -104°   (9.3)
15E      145           136 82 -122° -105°   (8.2)
12Z      117 10 3    35°  122°    (8.5)
13Z      143 64 35 -137°    99°    (7.0)
14Z      144 23 17 -120°  115°    (7.6)
15Z      146 95 39 -49°    90°    (8.2)
a) Torsional angle C=C–C–H |90°±40°|
b) Smallest deviation from 90°
No particularly good conformations were found in the 12-membered macrolides. In
most of the low energy conformations the allylic carbon, not the allylic hydrogen,
occupies the position orthogonal to the double bond and such structures are not
susceptible to the attack of SeO2. The proportion of acceptable conformations is
lowest for the 12-membered macrolides. In addition, even the best C=C–C–H
torsional angles of 12-membered macrolides deviate considerably from the ideal.
Nevertheless, these differences between the 12-membered and 13–15-membered
macrolides are not so great that they alone can explain the inertness of the 12-
membered macrolides. The requirement of rotation about the C2–C3 axis to obtain
a transition state with strong allylic resonance will increase detrimental cross-ring
van der Waals interactions. Clearly, as the ring size increases, the transannular
strain becomes less important and the ring becomes more flexible, making it easier
for larger rings to adopt a suitable conformation for the allylic oxidation.II
As noted above, the O–C(O)–C=C–C part of the molecule tends to be linear
and planar in the transition state of the ene-reaction, and such a long planar part of
the molecule seems to be untenable for the 12-membered macrolides.II,III The
resistance against a long planar transition state arrangement might also explain the
failure of allylic oxidations with Cr6+ based oxidants, as well as the failure of the
deprotection step of cyclic acetal protected 4-oxo-2-dodecen-11-olide in acetone
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with p-TsOH observed by Makita and co-workers.84 The transition states of these
reactions require the formation of an allylic radical or carbocation. Both reactions
have been successful in larger α,β-unsaturated macrolides.97,98,IV,V In addition, the
isomerization of the α,β-double bond to the β,γ-position during the Yamaguchi
lactonization reactionI is probably driven by the relief of strain in the non-
conjugated arrangement. Moreover, the OsO4 oxidation of 2,4-dodecadien-11-olide
is reported to give the non-conjugated α,β-hydroxylated product instead of the
expected γ,δ-dihydroxy macrolide.103
The surprising inertness of 2-dodecen-11-olides towards the allylic oxidation
reactions apparently is due to conformational reasons having to do with the strain
derived from the ring size.
7.2.3.2  13–15-Membered α,β-unsaturated macrolides
The experimental results showed that all the E and Z  α,β-unsaturated 13–15-
membered macrolides become oxidized with SeO2 at the allylic position invariably
giving a mixture of products. An interesting feature of the SeO2 oxidation of
macrolides is that the 4-hydroxy products are formed with high diastereoselectivity,
the isolated 4-hydroxy macrolides 78, 150, and 97b all having an E double bond
regardless of the geometry of the starting material.II,IV The high
diastereoselectivities are due to the conformational stereocontrol of the macrocyclic
ring.
The diastereoselectivity of the oxidation depends on the selectivity of the
ene-reaction. As noted above, the two faces of the E  double bond in α,β-
unsaturated macrolides are clearly different, but this is not the case with Z double
bonds, which means that the attack from the more open side of the double bond
does not alone account for the high selectivity. In the ene-reaction the SeO2 has to
choose between the two allylic hydrogens and, depending on which of the two
allylic hydrogens is attacked, the product is either (R*,S*) or (S*,S*). In an attempt
to predict the stereochemical outcome of the reaction we calculated the Boltzmann
distribution of the relevant (the allylic torsion |90°±40°|) low energy conformations
and simply divided the sum of concentrations of conformations leading to (R*,S*)
product by the sum of the concentrations of conformations leading to (S*,S*)
product. The experimental and calculated ratios of the two diastereomeric products
are shown in Table 16.IV
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Table 16. The experimental and calculated ratios of the oxidation products of 13–15-
                  membered α,β-unsaturated macrolides
OO OO OO
HO HO
SeO2
(  )n (  )n
+
(  )n
*
* *
*
(R*,S*)-78    n=1
(R*,S*)-150  n=2
(R*;S*)-97b  n=3
(S*,S*)-78    n=1
(S*,S*)-150  n=2
(S*;S*)-97b  n=3
                         geometry
(±)-77  n=1         E
    143  n=1         Z
      93  n=2         E
    144  n=2         Z
    145   n=3         E
    146   n=3         Z
Starting
material
n Product ratio
(R*,S*):(S*,S*) by
GLCa
Calculated ratioa
(R*,S*):(S*,S*)
(Calculated ratio)b
13E      (±)-77 1 89:11                84:16
14E            93 2 85:15                69:31
15E          145 3 >99:1                79:21
13Z          143 1 81:19 81:19  (86:14)
14Z          144 2 75:25 23:77  (74:26)
15Z          146 3 >99:1 44:56  (86:14)
a)  The inversion of the stereocentre during the isomerization has been taken
      into account in  the case of Z isomeric starting materials.
b)  The values in parenthesis are from calculations in which the conformers
     with close (<2.5Å)  allylic CH…O distance are omitted.
In the case of 2E unsaturated macrolides the calculated results are in good accord
with the experimental results. However, the isomerization step in the case of 2Z
macrolides complicates the calculations of the product ratio. After the
commencement of the ene-reaction, a 180° rotation about the α,β-bond makes
possible the E geometry. This rotation step also inverts the stereochemistry of the
allylic carbon, for the [2,3]-sigmatropic rearrangement occurs from the side of
selenic ester. The occurrence of Z isomeric oxidation products suggests that the
isomerization step may not be complete. In the 1H NMR spectra of 14- and 15-
membered 2Z unsaturated macrolides, there is a strong downfield shift, 0.8 and 0.5
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ppm, of one of the allylic hydrogens. This type of downfield shift indicates that the
allylic hydrogen in question is in the vicinity of oxygen. Most of the low energy
conformations of Z unsaturated 14- and 15-membered macrolides have very close
(e.g. 2.28 Å) contacts between allylic hydrogen and the ester carbonyl oxygen,
whereas the conformations with longer C–H….O distance (4-5 Å) are of higher
energy (>5 kJ/mol from the minimum). In the case of the 13-membered macrolide
there are, in addition to conformations with similar close contacts, ones that have
much longer C–H….O distances (4-5 Å) (e.g. conformation number 3, 1.2 kJ/mol
from the minimum) and that contribute significantly to the structure at room
temperature. When the conformations with close contacts (<2.5 Å) are omitted
from the Boltzmann distribution based calculations the results are in better accord
with the observed values.IV Since the C–H…O interaction is electrostatic and
attractive,130,227-229 it may be responsible for the incomplete isomerization step, or it
may even interfere with the ene-step by decreasing the electron density of the
double bond.
The low energy conformations of the oxidation product 4-hydroxy-2-
tetradecen-13-olide 150 were also calculated and compared with the crystal
structure of this product. The calculated results were in accordance with the crystal
structure, and the solid state conformation appeared to be the second lowest energy
conformation, 2.1 kJ/mol above the global minimum.VI
7.2.4  Conformations of γ-oxo macrolides
This section begins with a discussion of the conformations of E  α,β-unsaturated
12–15-membered ketomacrolides 153, (E)-151b, and (E)-99. The 12-membered
ketomacrolide 17 is included, though it was not prepared in this work, since it
clearly shows how the ring size affects the conformations of α,β-unsaturated
ketomacrolides. Finally the conformations of the 4-oxotetradecan-13-olide 154 are
discussed.
Study of the low energy conformations of E α,β-unsaturated γ-oxo
macrolides was undertaken with both MM2* and MM3* force fields. Neither of
these force fields was very appropriate owing to some low quality torsional
parameters involved in the calculations. We chose the MM2* force field because it
has only one parameter (*C(sp2)=C(sp2)*) considered to be of low quality, in
contrast to the three of MM3*. Figure 18 shows the lowest energy conformations
29, 30, 31, and 32 of 12–15-membered 2E  unsaturated γ-oxo macrolides 17, 153,
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(E)-151b, and (E)-99. (Stereoview of the lowest energy conformations and graphs
of their ring torsions are shown in Appendix 2.)
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Figure 18. The lowest energy conformations of (E)-4-oxo-2-dodecen-11-olide 17 29, (E)-
4-oxo-2-tridecen-12-olide 153 30, (E)-4-oxo-2-tetradecen-13-olide (E)-151b 31, and (E)-
4-oxo-2-pentadecen-14-olide (E)-99 32. Some of the hydrogens are omitted for clarity.
The torsional angles of the reactive part of the unsaturated ketomacrolides show
(Table 17) that as the ring size increases the ester group obtains more s-trans
character and the number of out of plane bent anticlinal ester conformations
decreases. Also, the conjugation between the double bond and the two carbonyls is
better in the case of 15-membered macrolide (E)-99 than in the smaller ring
compounds. There are several close transannular contacts in 13-membered
ketomacrolide 153, some of them as short as 2.2 Å. The transannular contacts in the
higher homologues are not so severe.
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Table 17. Local conformations of 12–15-membered E α,β-unsaturated ketomacrolides
Compound Number of
conformations
within 10 kJ/mol
Torsion
C–O–C(O)–Ca
Torsion
O–C(O)–C=Ca
Torsion
C=C–C(O)–Ca
12E         17 6 6 s-cis 3 app
3 ac
3 spp
3 ac
13E       153 31 28 ac
3 s-trans
20 spp, 5 app
6 ac
22 ac, 3 sc
6 app
14E       151b 70 38 s-trans
32 ac
40 spp, 28 app
2 ac
37 app, 8 spp
24 ac,1 sc
15E         99 49 36 s-trans
13 ac
28 app, 21 spp 31 app, 2 spp
14 ac, 2 sc
a) ac = anticlinal, app = antiperiplanar, sc = synclinal, spp = synperiplanar
Comparison of the energies of the lowest energy conformations of 2E and 2Z
ketomacrolides shows that the preference for E geometry clearly increases with
ring size (Table 18).
Table 18. Energy differences between the lowest energy conformers of
                                (2E)- and (2Z)- unsaturated γ-oxo macrolides
Ring size ∆E kJ/mol
(EE – EZ)
12 27.7
13 1.1
14 -4.2
15 -14.5
A conformational search carried out on the saturated 14-membered ketomacrolide
154 gave 18 and 10 conformations within 10 kJ/mol of the minimum in MM2* and
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in MM3* force fields, respectively. In both calculations the lowest energy
conformation was 33 (Figure 19).V The C–O–C(O)–C torsional angle in all low
energy conformations of the saturated 14-membered macrolide is close to ±180°.
(Stereoviews of the lowest energy conformations and graphs of their ring torsions
are shown in Appendix 2.)
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Figure 19. The lowest energy conformation 33 of 4-oxo-13-tetradecanolide 154. Some of
the hydrogens are omitted for clarity.
7.2.5  Effects of macrolide conformation on the reactions of ketomacrolides
Weiler and co-workers142,144,146-148 have extensively studied the conformationally
controlled reduction of several 14-membered and larger ketomacrolides with
several reducing agents (see section 5.2). The selectivity of the reduction of 14-
membered 3- and 11-oxo macrolides was explained in terms of a transition state
capable of metal cation chelation. The chelation is not possible, however, in 14-
membered 9-oxo macrolides. Starting material conformations were used to
approximate the transition state conformations as it has been suggested that an
early transition state can account for the selectivities observed in the reduction of
α,β-unsaturated ketones. 143,144,158
 We studied the local conformations about the carbonyl groups in
conformations within 4.18 kJ/mol and classified them into three groups. In two of
these groups (conformations similar to 34  and 35) the carbonyl group is
perpendicular to the plane of the ring, and one side of the reacting group is
effectively blocked by the carbon skeleton. The attack of the reducing reagent has
to occur from the more open exocyclic face leading to a highly selective reduction.
In addition to these two local conformations the carbonyl group can be in the
corner position (sequence of two equal signed gauche bonds) of the ring
(conformations similar to 36). The attack of the hydride on a carbonyl group in a
corner position will furnish both diastereomeric products since the steric
environments of the two faces of the sp2 centre are almost identical. Figure 20
shows these three types of local conformation for the (E)-4-oxo-2-tetradecen-13-
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olide (E)-151b.IV The coordination of metal cation to both carbonyls at the same
time is not possible in the case of E α,β-unsaturated γ-oxo macrolides because the
distance between the carbonyl groups are approximately 5.1 Å.
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Figure 20. The three local conformations of 14-membered ketomacrolide (E)-151b. Some
of the hydrogens are omitted for clarity.
The predicted ratios of the two isomeric reduction products were calculated from
the Boltzmann distribution of the conformations within 4.18 kJ/mol. The attack of
the hydride was assumed to take place exclusively from the peripheral side of the
ring and the carbonyl group at the corner position was expected to give rise to a 1:1
mixture of diastereomeric products. The observed as well as the calculated
diastereomeric ratios are summarized in Table 19.IV
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Table 19. Experimental and the calculated ratios of reduction products 78, 150, and 97b
NaBH4-CeCl3OO
O
OO OO
HOHO
(  )n (  )n (  )n
+
(R*,S*)-78    n=1
(R*,S*)-150  n=2
(R*;S*)-97b  n=3
(S*,S*)-78    n=1
(S*,S*)-150  n=2
(S*;S*)-97b  n=3
*
* *
*
     153       n=1
(E)-151b    n=2
(E)-99        n=3
Product n Product ratio
(R*,S*):(S*,S*) by GLC
Calculated ratio
(R*,S*):(S*,S*)
13E         78 1 4:96 26:74
14E       150 2 18:82 22:78
15E         97b 3 12:88 23:77
The observed ratio of products from the Grignard addition reaction on 14-
membered E unsaturated ketomacrolide 150 is 86:14 160:161, which is also in
accordance with the calculated ratio 22:78 for the peripheral attack on the 14E
ketomacrolide.
The reduction of the 4-oxo-13-tetradecanolide 154 under modified Luche
conditions217 gave a 19:81 ratio of the (4R*,13S*):(4S*,13S*) 156:157 products.
The exocyclic attack of the hydride to the lowest energy conformation 33 (Figure
19) would give the observed minor product. Study of other low energy
conformations revealed that some of them, too, would give the major product.
These conformations, such as 37 (Figure 21), have the two carbonyl groups
oriented so that they are close (3.3 Å in 37) and capable of forming a chelate with a
metal cation. Despite slightly higher energies these conformations allowing
chelation are favoured in the reduction reaction.V The chelation by the metal ion
decreases the transition state energy and the major product is formed. Similar
results have been reported by Weiler and co-workers146,147 for β-keto macrolides.
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Figure 21. The low energy conformation 37 of 154 capable of chelating metal cation.
Some of the hydrogens are omitted for clarity.
7.2.6  Conformations of epoxymacrolides
Molecular mechanics calculations with MacroModel in MM2* force field gave,
respectively, 8 and 6 conformations within 10 kJ/mol for the two diastereomeric
cis-epoxides 142a and 142b. The lowest energy conformation 38 of 142a and the
second lowest energy conformation 39  of 142b  are shown in Figure 22.
(Stereoviews of the low energy conformations and graphs of their ring torsions are
shown in Appendix 2.)
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Figure 22. The lowest energy conformation 38 of 142a and the second lowest energy
conformation 39 of 142b. Some of the hydrogens are omitted for clarity.
The lowest energy conformation of the epoxide 1 4 2 b  violates the
Schweizer–Dunitz rule133 by having the H–C–O–C(O) angle >60°, whereas the
second lowest conformer 39, 0.5 kJ/mol from the minimum, has an acceptable
torsional angle H–C–O–C(O) 37°. The low energy conformations of the two
diastereomers 142a  and 142b  are fairly similar with respect to the local
conformation around the ester and epoxy groups. In all the low energy
conformations the ester group is s-trans and the epoxy group is on the exo side of
the ring, and the α-protons are syn to the epoxide. However, the two diastereomers
have a different orientation of the α-methylene hydrogens with respect to C=O.
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This difference can be seen in the 1H NMR spectra of these compounds. The
geminal coupling constant of the α-CH2 in 142b epoxide is 18.1 Hz, which
corresponds to approximately 30° O=C–C–H dihedral angle (29.8° in the second
lowest conformation 39), whereas the geminal coupling constant, 14.7 Hz, of the
142a isomer corresponds to approximately 90° dihedral angle (lowest conformation
38 90.7°).230 The calculated averaged geminal and vicinal coupling constants agree
well with the experimental data, indicating that the program reproduces the
geometry satisfactorily. There are several close contacts in both diastereomers, for
example, in all low energy conformations the distance between the hydrogens at C2
and C5 is 2.0-2.1 Å.
7.2.7  Effects of macrolide conformation on the epoxide cleavage reaction
The base-catalysed formation of allylic alcohol products from the reaction of
epoxide proceeds predominantly, if not exclusively, by a β-elimination pathway.
The reaction is believed to take place by a concerted syn-elimination via a six-
membered transition state (Scheme 63).198 Since the β-methylene group in epoxides
142a and 142b is activated, the reaction should be fast and clean, leading highly
stereoselectively to the allylic alcohol products (±)-19 and (±)-37.198
O
H
Li
NR2
OH
R R
Scheme 63. The mechanism of epoxide cleavage by Li-amide.198
The rather bulky base removes the proton from the less hindered side leading
exclusively to the E double bond product.198 The 12-membered γ,δ-epoxides 142a-
b proved to be rather inert towards base-catalysed epoxide cleavage, and even with
LDA the yield of the reaction is fairly low. The reasons for this inertness seem to
be analogous to those concluded for the allylic oxidation reaction of the 12-
membered α,β-unsaturated macrolides 63b and 117. Apparently the 12-membered
ring is not large enough to accommodate a transition state where the
C–O–C(O)–C–C–C part of the ring is almost coplanar and linear.III When the ring
size increases the strain becomes less important and the epoxide cleavage on 15-
membered homologous epoxide gives a 72% yield.
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8.  CONCLUSIONS
A series of (2E)- and (2Z)-unsaturated 12–15-membered (ω-1)-macrolides and their
γ-hydroxy and/or γ-oxo derivatives were synthesised by relatively short and
straightforward routes from α,ω-disubstituted commercial starting materials. In
addition to several α,β-unsaturated macrolactones, also the 12-membered 11-
dodecanolide, 3-dodecen-11-olide, and 3,4-epoxy-11-dodecanolide and the
saturated 14-membered macrolides 4-oxo-13-tetradecanolide and 4-hydroxy-13-
tetradecanolide were prepared. Many of the macrolide compounds were prepared
for the first time.
 The 13–15-membered γ-hydroxy and γ-oxo macrolides were prepared by the
SeO2 oxidation of α,β-unsaturated macrolides. γ-Hydroxy macrolides were formed
with high diastereoselectivity due to conformational stereocontrol. It was shown
that the macrolide ring conformation also directs the NaBH4-CeCl3 reduction and
the Grignard addition reaction of the γ-oxo macrolides.
The allylic oxidation reactions of the 12-membered α,β-unsaturated
macrolides failed due to conformational restrictions and an alternative synthesis
route was developed to the antimicrobial patulolides via 3-dodecen-11-olide. This
route to patulolide C and its epimer has as few as eight steps and no protection
steps are needed. However, the last step in this route, the epoxide cleavage, proved
to be somewhat problematic and the yield of this step was much lower than
expected.
In addition to the synthetic work, conformational studies on the macrolide
compounds were done with MacroModel. The ring size clearly affects the
conformations of α,β-unsaturated macrolides. The number of low energy
conformations having normal s-trans ester geometry increases when the ring size
increases from 12 to 15. Also the conjugation in the enone part of the structure is
better in the larger ring compounds.
The results from the molecular mechanics calculations were used to explain
the outcome of the conformationally controlled reactions of macrolides. The
conformations of the macrolide starting materials were used to approximate the
transition state conformations, and the Boltzmann distributions of the starting
material low energy conformations were used to calculate the product distributions.
This method gave a reasonably good fit with the experimental results.
The conformationally stereocontrolled reactions of macrolides can be used as
means to prepare open chain compounds with very remote stereocentres. Two open
chain compounds with 1,10-relationship between the stereogenic centres were
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prepared. A suitable method now needs to be developed to analyse the
stereochemistry of these linear products.
9. EXPERIMENTAL
3,4-Epoxy-14-pentadecanolide
The 15-membered epoxide was prepared according to the published procedure.III 3-
Pentadecen-14-olide used as starting material was obtained as a minor product from
the synthesis of 2-pentadecen-14-olide 145. The product was purified by flash
chromatography (silica, 1:9 EtOAc:CH2Cl2). The yield of the epoxymacrolide was
34%.
1H NMR (CDCl3): δ 5.2-4.9 (1H m, CH–O–C=O), 3.4-3.2 (1H m, O=C–C–CH–O),
3.1-3.0 (1H m, O=C–Ca–C–O), 2.9-2.7 (1H m, C–CH–O epoxide), 2.5-2.2 (1H m
O=C–CHb–C–O), 1.8-1.1 (18H m, 9xCH2), 1.24 (3H d, 6.4Hz CH3).
4-Hydroxy-2-pentadecen-14-olide
The cleavage of 3,4-epoxy-14-pentadecanolide was done according to the
procedure described in paper III. The yield of the two diastereomeric 4-hydroxy-2-
pentadec-14-olides was 73% (GLC) and the ratio of (R*,S*)-97b to (S*,S*)-97b
was 2:1. The NMR and HRMS spectra of these two diastereomeric products are
described in papers II and IV.
4,13-Dihydroxy 2-tetradecenoic acid (162)
The hydrolysis of (2E ,4R*,13S*)-4-hydroxy-2-tetradec13-olide 150 was done
according to the procedure described for hydrolysis of esters in paper II. The yield
of 162 was 94%.
1H NMR (CDCl3): δ 7.0 (1H dd, CH=C–COO 15.8 Hz, 4.8 Hz), 6.1 (1H d,
C=CH–COO 15.8 Hz), 4.4-4.2 (1H m, CH–C=C), 3.9-3.7 (1H m, C–CH(OH)–C),
3.1-2.2 (3H s br., 3xOH), 1.6-1.2 (16H m, 8xCH2), 1.2 (3H d, CH3 6.2 Hz)
1,4,13-Tetradecanetriol (163)
(2E,4R*,13S*)-4-Hydroxy-2-tetradecen-13-olide 150 (8 mg, 0.03 mmol) in
anhydrous ether (0.5 ml) was added to LiAlH4 (3.8 mg, 0.1 mmol) in anhydrous
ether (2 ml) at 0 °C under Ar. The reaction mixture was stirred overnight, during
which time it reached r.t. The reaction mixture was cooled to 0 °C and acidified
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with 10% H2SO4. The product was extracted with Et2O and the Et2O layer was
washed with brine and dried (MgSO4). Evaporation afforded 86% of 163.
1H NMR (CDCl3): δ 3.9-3.6 (4H m, 2xCH–O, CH2–O), 1.8-1.1 (23H m, 10xCH2,
3xOH), 1.2 (3H d, CH3 6.4 Hz).
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APPENDIX 1
Trivial name IUPAC name
A26771B  16 succinic acid mono-((E)-(6S,16R)-16-methyl-2,5-dioxo-
oxacyclohexadec-3-en-6-yl) ester
Ambrettolide   4 (Z)-7-hexadecenolide
Civetone   1 (Z)-9-cycloheptadecen-1-one
Cladospolide A  22 (2E,4R,5S,11R)-4,5-dihydroxy-2-dodecen-11-olide
Cladospolide B 23 (2Z,4S,5S,11R)-4,5-dihydroxy-2-dodecen-11-olide
Cladospolide C 50 (2E,4R,5R,11R)-4,5-dihydroxy-2-dodecen-11-olide
Cladospolide D 51 (E)-5-hydroxy-4-oxo-2-dodecen-11-olide
Dihydrorecifeiolide 102 11-dodecanolide
Epipatulolide C 37 (2E,4R,11R)-4-hydroxy-2-dodecen-11-olide
Exaltolide 3 pentadecanolide
Homoisopatulolide C 79 (2Z,4S,12R)-4-hydroxy-2-tridecen-12-olide
Homopatulolide C 78 (2E,4S,12R)-4-hydroxy-2-tridecen-12-olide
Isopatulolide C 33 (2Z,4S,12R)-4-hydroxy-2-dodecen-11-olide
Muscone 2 3-methylcyclopentadecan-1-one
Nigrosporolide 21 4,7-dihydroxy-2-dodecen-11-olide
Norisopatulolide C (2Z,4S,10R)-4-hydroxy-2-undecen-10-olide
Norpatulolide C (2E,4S,10R)-4-hydroxy-2-undecen-10-olide
Norpyrenophorin (3E,11E)-1,9-dioxacyclohexadeca-3,11-diene-2,5,10,13-
tetraone
Patulin 34 4-hydroxy-4H,6H-furo[3,2-c]pyran-2-one
Patulolide A 17 (2E,11R)-4-oxo-2-dodecen-11-olide
Patulolide B 18 (2Z,11R)-4-oxo-2-dodecen-11-olide
Patulolide C 19 (2E,4S,11R)-4-hydroxy-2-dodecen-11-olide
Pyrenophorin 13 (3E,11E)-8,16-dimethyl-1,9-dioxacyclohexadeca-3,11-
diene-2,5,10,13-tetraone
Recifeiolide (E)-8-dodecen-11-olide
Seiricuprolide 20 (3E,11Z)-2,13-dihydroxy-7-methyl-6-oxa-
bicyclo[12.1.0]pentadeca-3,11-dien-5-one
Vermiculine (3E,11E)-8,16-bis-(2-oxo-propyl)-1,9-dioxa-
cyclohexadeca-3,11-diene-2,5,10,13-tetraone
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